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Abstract

In this work, optical pulse amplification by parametric gad-pulse amplification (OPCPA)
has been applied to the generation of high-energy, feweoyptical pulses in the near-infrared
(NIR) and infrared (IR) spectral regions. Amplification of Byaulses is ordinarily difficult to
achieve by existing techniques of pulse amplification basestandard laser gain media followed
by external compression. Potential applications of feeleyulses in the IR have also been
demonstrated.

The NIR OPCPA system produces 0.5-terawatt (10 fs, 5 mJ) pblgeise of noncollinearly
phase-matched optical parametric amplification and a ddwping stretcher and upchirping
compressor pair.

An IR OPCPA system was also developed which produces 20-giyg20 fs, 35QuJ) pulses
at 2.1 um. The IR seed pulse is generated by optical rectification bfocadband pulse and
therefore it exhibits a self-stabilized carrier-envelgbase (CEP).

In the IR OPCPA a common laser source is used to generate thegnohseed resulting in an
inherent sub-picosecond optical synchronization betvieertwo pulses. This was achieved by
use of a custom-built Nd:YLF picosecond pump pulse amplifiat is directly seeded with op-
tical pulses from a custom-built ultrabroadband Ti:sappbscillator. Synchronization between
the pump and seed pulses is critical for efficient and stahbldiéication.

Two spectroscopic applications which utilize these unigoigrces have been demonstrated.
First, the visible supercontinuum was generated in a stlte media by the infrared optical
pulses and through which the carrier-envelope phase (CEfedadriving pulse was measured
with an f-to-3f interferometer. This measurement confirms the self-stalibn mechanism of
the CEP in a difference frequency generation process andrésempation of the CEP during
optical parametric amplification. Second, high-order harits with energies extending beyond
200 eV were generated with the few-cycle infrared pulsesimmgon target. Because of the
longer carrier period, the IR pulses transfer more quivergnto ionized free electrons com-
pared to conventional NIR pulses. Therefore, higher eneadiation is emitted upon recombi-
nation of the accelerated electrons. This result showsitifeebt photon energy generated by a
laser excitation in neutral argon.
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Zusammenfassung

Im Mittelpunkt dieser Arbeit steht die Vedskung von hochenergetischen kurzen Laser-
pulsen im nahen infraroten- und im infraroten Bereich mitismgbter parametrischer Breit-
bandpulsversirkung (OPCPA). Mit hetimmlicher Laserveratkertechnologie ist esimsam,
anraherndahnliche Versirkungsparameter zu erreichen. In dieser Arbeit sind weitevielver-
sprechende Applikationen von den kurzen infraroten Lagsem demonstriert worden.

Mit dem NIR OPCPA haben wir Laserpulse mit 0.5-terawatt Spiteistung (10 fs, 5 mJ)
erzeugt. Die Methode beruht auf nichtkollineare phaseepasgste optische parametrische
Versfarkung und wir haben einen negativ dispersiven Pulsstreaksvendet um die positive
Dispersion der Glaskompressadibke zu kompensieren.

Ein IR OPCPA haben wir zagzlich entwickelt um 20-gigawatt (20 fs, 350]) Pulse im
Wellenlangenbereich von 2 Am zu versérken. Optische Gleichrichtung von den breitbandugen
Pulsen wurden eingesetzt um einen "Seed”-Puls mit selitistakende “carrier enevelope’-
phase (CEP) zu generieren.

Im IR OPCPA wird eine einzige Laserquelle benutzt um die Purtggound die Seedpulse zu
erzeugen. Damit wird eine Synchronisation der beiden Rulsie sub-pikosekunden Rzision
erreicht. Um diese Synchronisationsmethode zu testemhaib@inen Nd:YLF Laserveratker
mit pikosekunden Pulsdauer gebaut und damit direkt digdaedingen Pulse eines Ti:Sapphir
Oszillators versirkt. Diese Synchronisationstechnik macht die optisclramatrische Breit-
bandpulsverstrkung fir verschiedene Eid$ze robust und zuverssig.

Mit diesen einzigartigen Laserquellen haben wir zwei Spelkiopieanwendungen demon-
striert. Eine Anwendung ist die Erzeugung eines sichtb&w@percontinuums im Fesikper.
Das Supercontinuum verwendet mam die Detektion von der CE-Phase derselben Pulse mit-
tels einesf-to-3f Schemas. Diese Messung zeigt Selbststabilisierung derf@geRund dessen
Erhaltung vahrend des optischen parametrischen #ksingsprozesses. Die zweite Anwen-
dung ist die Erzeugung vordheren Harmonischen der infraroten Laserpulber 200 eV in
einem Argon-target. Einedhere "Quiver’-Energie wird bei den ionisierten Elektrangurch
die langeren Periode des optischer@ders im Infrarotbereich angeregt. Die Periode des op-
tischen Tégers im Infrarotbereich isthger als im sichtbaren Bereich, folglickhrknen damit
hoherenergetische Harmonische bei Rekombination der sgtgten Elektronen erzeugt wer-
den. Das ist die tchste experimentell je in neutralem Argon lasererzeugtgdhenergie.
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Chapter 1

Introduction

1.1 General introduction

After the first observation of the laser action in rubly [1Je temporal duration of optical pulses
obtained from the laser has been shortened from microsecaadoseconds, picoseconds, and
down to femtoseconds based on several techniques su@Qksastching and mode-locking as
well as broadband laser media such as Nd:YAG, Nd:glass zaed tlye. Meanwhile since 1980s,
the ultrafast spectroscopy, made possible by the highlgmott ultrafast laser pulses, has been
established and pursued intensively with ultrafast dyeraR]. However, the dye lasers did not
last in use for long due to the fact that they were difficult amtlle and were unreliable, before
being replaced by lasers based on Ti:sapphjré][Bl, 4, 5] vittped pulse amplification (CPA)
[B, [1,[8]. The use of the Ti:sapphire laser with CPA has doreih#tte field of ultrafast optics and
spectroscopy since the beginning of 1990s. Its reliakditg easiness to use have enabled many
ultrafast experiments: the real-time observation and @ttecontrol of ultrafast dynamics in
chemical reactions such as nuclear motign [9], the confrchemical reaction]10], multiphoton
absorption by engineered pulsgs [11], and the dissociatidrecombination of chemical bonds
[L2]. These works on the ultrafast phenomena have beenaraed as "femtochemistry]13]
and Prof. A. H. Zewail was awarded the Nobel prize for Chemistrl 999 for his contribution

to this field.

By the end of the 20th century, at last, further advances inhigh-energy, ultrashort
Ti:sapphire laser have broken through the barrier of theédsatond time scale into the attosec-
ond regime [[I§]. Attosecond pulse generation based onaigtigh-order harmonicg [IL%, 16]
has brought on a new field of the attosecond optics and en#idddvestigation of the attosec-
ond ultrafast phenomena. The real-time dynamics rangiog fa few femtoseconds to many
attoseconds include the X-ray-generated photoelectrassen [IF], the real-time observation
of Auger electron decay[ [18], and the generation of singiesatond pulses with a few-cycle
carrier-envelope phase (CEP) stabilized laser system Ti@se works have formed a new field
called as "attosecond physicg” [40] 21]. Although sucagsstosecond experiments have been
performed exclusively by use of Ti:sapphire laser systdheslimitation of the output energy
from the Ti:sapphire amplifier followed by external broaithgnin the hollow-core fiber filled
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with a noble gas prevents the extension of the cut-off enefdygh harmonics, the generation
of high-intensity attosecond pulses, and the shortenirggtoecond pulses.

To overcome these difficulties, in this thesis, we apply ashoptical pulse amplification
technique, optical parametric chirped-pulse amplifica@PCPA) [ZR[ 23] 34, 25], to the am-
plification of few-cycle high-energy laser pulses. We alemdnstrate preliminary high-field
and ultrafast experiments with such laser systems. Thegsriexents include the generation of
visible supercontinuum by infrared pump pulses, a unique G&Bction based on afto-3f
nonlinear interferometry , and the generation of extrenraviblet optical high-harmonics with
the photon energy of up to 250 eV.

The topics included in this thesis are summarized as follows

Chapter 1: Review of optical pulse amplification techniques: CPA, OPA] @PCPA and sys-
tem consideration about an OPCPA system.

Chapter 2: Implementation of a few-cycle, high-energy, near-infta@PCPA system with
electronic synchronization.

Chapter 3: Application of a reliable all-optical synchronization sthe to a few-cycle, high-
repetition-rate, near-infrared OPCPA system.

Chapter 4. Implementation of a few-cycle, high-repetition-rate,ravted OPCPA system with
optical synchronization.

Chapter 5: Applications of infrared few-cycle pulses:

1. Generation of visible supercontinuum and its applicato an f-to-3f nonlinear
interferometry for carrier envelope phase (CEP) detection.

2. Generation of 250-eV optical high harmonics.

In the later sections of Chaptgr 1, we will introduce the fundatal concept of OPCPA in
comparison to CPA and OPA, and consider the general OPCPArpenfiee and its dependence
on various parameters. In Chapfer 2, we describe the cotistiaf a terawatt-class, few-cycle,
high-energy (low repetition rate) near-infrared (arou®® &m) laser system based on OPCPA
[28]. In Chaptef]3, a novel optical synchronization schemtaavit the use of electronicp ]27],
is proposed and implemented in the OPCPA system. The optiaghsonization scheme is
realized by the home-made Nd:YLF regenerative amplifieis Thncept is applied to the few-
cycle, high-repetition-rate, near-infrared pulse getienabased on OPCPA. In Chaptégr 4, we
describe the development of an infrared OPCPA system thaupes few-cycle, high-energy,
high-repetition-rate infrared optical pulses using anagty synchronized Nd:YLF amplifier.
In Chaptefp, the infrared OPCPA system is applied to the géaeraf visible supercontinuum
and a novelf-to-3f nonlinear interferometry with the generated white lighhisTexperiment
demonstrates self-stabilization of the CEP in differenegdiency generation process and the
preservation of the CEP in the parametric amplifier and thetcdter and compressor pair. An-
other application of the infrared driver to optical higham@nic generation shows the production
of extreme ultraviolet photons with energies above 250 eafgon.
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1.2 Optical pulse amplification techniques

In this section, several methods used for amplification aicappulses are reviewed and com-
pared. These methods include CHA][PB, 7], optical paramatriplification (OPA) [[20], and
a newly emerging technique, OPCHA][B0] 22]. We emphasizerestoncerning our primary
goal: amplification of broadband optical pulses to the méllev

So far high-energy ultrafast laser pulses, a key tool forulafast spectroscopy and at-
tosecond spectroscopy, have been produfgd [31] exclydwyeCPA in Ti:sapphire[J3[J4]]5].
Furthermore few-cycle, high-energy laser pulse genaratsed for single attosecond pulse gen-
eration and time-resolved attosecond experimegnis [32}ealized by external broadening of
the Ti:sapphire amplifier output pulse in a hollow fiber fillwdh a noble gas[[33], and external
pulse compression by use of chirped multilayer coated msirf®4]. With this scheme, few-
cycle, several-hundred-microjoule pulses can be obtaanedare used as a driver source for the
spectroscopic applications mentioned previously in 8a¢fil. Such laser sources have resulted
in remarkable progress in high-harmonic generation (HH@&psecond pulse generation, and
spectroscopy[2d, B%, B6]. Demand for shorter attosecots®meneration, a higher photon en-
ergy up to keV, and higher-energy attosecond pulses for dhénear optics in the X-ray calls
for a further upgrade of current laser sources. The enerdgvettycle pulses is limited to less
than the mJ level because of the damage to the hollow-coreugssl for spectral broadening
and the substantial loss due to the strong ionization of tdi@dengas contained in the fiber. To
scale up the energy of ultrashort pulses, we have to rely dgffiegietht technology.

Another amplification technique of few-cycle pulses is OBAon after the demonstration of
the first laser[[1], lasers had been used for the investigati@ptical nonlinear phenomena such
as second-harmonic generation (SH{G] [37], third-harmgeiteration [[38[ 39] OPAT29], and
optical parametric generation (OPG)][40]. In the early ¢&RA and OPG have served mainly
as sources for tunable radiation. However, later, optieahmetric amplifiers have also been
recognized as a promising broadband amplification devispe&ially, parametric oscillators 41,
B3] and amplifiers[[43, 44, 45, 46] using borate crystals g noncollinearly phase-matching
optical parametric interaction (NOPI) J4B,]49] 50] haveutesd in extensive investigations in
few-cycle pulse generation, and their applications to thrafast spectroscopy. Ultrashort optical
pulse amplification relying on NOPA has produced few-cyeleergetic pulseg [b1], although so
far the energy of the few-cycle pulses obtained by NOPA igdichto the microjoule range. This
energy range is usually suitable for the low-order nonlirsgectroscopy but is not for high-field
physics.

An alternative, newly emerging amplification technique,GPRA, which combines advan-
tages of CPA and OPA, was first demonstrated in 198p [30] ancessively in 1992[[22]. In
these experiments, the energy of stretched seed pulsesigvaased substantially in an optical
parametric amplifier pumped by high-energy, long pulsese diergetic stretched pulses were
recompressed in a pulse compressor. This technique haddfeannoticed until I. N. Rosst
al. [Z3] recognized its advantages, showing the possibilitthefgeneration of ultrabroadband
high-energy pulses with a 10-petawatt peak power. The adgas include broadband amplifi-
cation enabled by either NOPA or degenerate OPA, less adatiotuof nonlinear effects due
to extremely high gain possible in a thin crystal in conttast Ti:sapphire laser with CPATB2],
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a negligible thermal load on a nonlinear crystal, and fléiypand the tunability of the gain
spectral range.

At the same time, however, there exist several difficultigshsas lack of the pump energy
storage (parametric process), amplified superfluoresq@®¥ ) [40,[53] analogous to the am-
plified spontaneous emission (ASE) in CPA, and strict phaatinmg, whose direction is de-
pendent on the seed wavelength and might result in the sdageersion of the amplified beam
and additional difficulty in the alignment of the amplifier. itAbut the pump energy storage,
one needs to synchronize the pump and seed pulses stribitydiEadvantage is closely linked
to one of its advantages, negligible heat load on the cryb&dause the parametric process
enables the exchange of the energy only between opticalsn@axerlapped in time and space
without loading energy in an intermediary nonlinear criyséhe comparison between CPA in
Ti:sapphire and OPCPA using a 532 nm pump laser and noncallptease-matching (NCPM)
in B-barium borate (BBO) (detailed descriptions available inti®as[2.B and 2]4) is summa-
rized in Tab[I]l. Obviously from the table, the gain bandiwif OPCPA is much broader than
CPA in Ti:sapphire thanks to NOPA. This is a quite importaitdee for our aim of few-cycle
broadband pulse amplification. Another advantage of OPCRAasger aperture size available

OPCPA (NOPA) CPA in Ti:sapphire
Gain bandwidth > 100 THz at 850 nm ~ 30 THz at 800 nm
Single-pass gain ~ 10° ~ 10
B-integral ([54]) <1.0 > 1.0
Thermal load on a crystal Negligible Critical in a high-power system
Energy storage No (instantaneous) Yes (~ us)
Background emission | Amplified superfluorescenceAmplified spontaneous emission
Gain tunability Flexible Fixed by Ti:sapphire

Table 1.1: Comparison of CPA in Ti:sapphire and OPCPA based dAAN@BBO

for its nonlinear crystal, compared to the small cross eaabif the hollow-core fiber, in which
the spectrum of the pulses from the laser amplifier is broadlém order to support few-cycle
pulse generation. A BBO crystal can be grown to about 20 m20 mm under the current
technology. Assuming a pump intensity of 10 GWfcand a pump pulse duration of 100 ps, a
BBO can stand a 5-J pump pulse energy, which can be easily ¢edwera 1-J amplified signal
pulse energy, resulting in a 100-terawatt peak power asgythe compressed pulse duration of
10 fs. This peak power is about 1000 times higher than theeotihighest peak-intensity of the
few-cycle pulses produced by external broadening and gules¢ pulse compression following
CPA in Ti:sapphire.

In summary, several features of OPCPA are found to be advemtagor few-cycle, high-
energy pulse generation compared to the standard techafq@BA in a Ti:sapphire laser and
external broadening. In the next section, we describe derstions od an amplifier based on
OPCPA.
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1.3 Parameters in an OPCPA system and their mutual depen-
dence

1.3.1 Introduction

In this section, theoretical and physical consideratiams Bumerical simulations for the OPA
process are given to the OPA process and the design of an OBRGEAs Specifically we de-
scribe the performance of an OPCPA system and its dependemaeameters such as the pump
intensity and duration, the optical parametric gain, phagmatch, the length of a nonlinear
crystal, and so on. In addition, the optimization of OPA amnsion efficiency and output pulse
stability will be discussed.

The OPA process is one of the second order nonlinear opfiegk® (three-wave parametric
interactions) and its behaviors can be fully described withpled-wave equation§ [55]. In the
OPA process, two conditions, the energy conservation aadgymatching conditions, have to
be satisfied. These two conditions can be expressed as

Wp = Ws+ A, (1.1)
kp = ks+ ki, (1.2)

where wj and kj represent the angular frequency and the wave vector wifixesfj = p,s,
andi representing the pump, signal, and idler waves, respégctiVbese conditions are derived
from the coupled-wave equations. The phase-matching tondioes not need to be satisfied
rigorously and can have certain tolerance determined bietiggh of the three-wave interaction
L as

Ak =kp—ks— ki, (1.3)
|Ak|L < T, (1.4)

whereAk is the wave-vector mismatch among the three involving wakesthe derivation and
examples of the coupled-wave equations for the three-wdeeaiction, readers are also referred
to references[[36, T, b8,159] and books [60, [61,[62, 63]. Araaded formula including the
group-velocity mismatch effect is found in Refg.][64], B3, 6%,[68].

A simple form for the gain calculation of OPA can be deriveohfrthe analytical solution
of the coupled-wave equations, assuming the slowly-vagrginvelope approximation, flat top
spatial and temporal profiles, and no pump depletion. Thengity gainG of OPA can be
expressed as

G::1+(gU2(Sm§a>>2, (1.5)
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with

2€0NpNsNiCAsA;

a # (gL)? - (ATKL)Z (1.7)

whereAKL = (kp —ks—ki)L is the scalar phase mismatths the interaction length in a nonlinear
crystal,ders is the effective second order nonlinear coefficient of thelinear crystall,, is the
pump intensity,& is the vacuum permittivityn; is the refractive index for the pump= p,
signalj = s, and idler wavegj = i, respectivelyg is the velocity of light in vacuum, andl; is the
wavelength of the signgl= s and the idler wavg = i, respectively.G can be simplified t&’
with the assumption of exact phase matchif\lg € 0) as

g:4ndeff\/ o (1.6)

: 2
G ~ (gL)? <%) = sinkP(gL). (1.8)

From this simple expression for the parametric gain, we eaivel the relationship between the
pump intensity and the length of the crystal. As can be seEqiff.8,G’ returns the same value,
if gL is constant, andL can be related to the pump intenslifyand crystal length. as

gL O./1pL. (1.9)
Therefore, the OPA gain would be constant provided
\/1pL = const. (1.10)

For example, a 10 times less pump intensity can be compe&hbgtie increase of the crystal
thickness by 3.16 times (10 times) in order to achieve the same gain. Later in this@ect
these formulas will be used to describe the OPA process.

1.3.2 Pump pulse intensity, duration and OPA gain bandwidth

In this section, relationships between the pump pulse sitgrduration, and OPA gain band-
width are analyzed. First of all, we need to find a relatiopdieétween the pump intensity and
the pulse duration. Generally speaking, the damage thicestiensity of an optical material (for
instance, fused silica) is inversely proportional to theasg root of the pulse duration within

a certain pulse duration range J69]. Usually, the anti-otitte (AR) coating on the crystal is
weaker than the crystal material itself. Experimentallgtandard AR coating can stand safely
the pulse intensity of 10 GW/chfor 100-ps pulses (in our experiment, the damage threshold
of the AR coating proves to be about 20-30 GW/dior 30-50 ps pulses). For following cal-
culations, we will adopt typical pulse intensities of 1 GWfcrh0 GW/cn?, and 100 GW/crh

for simplicity. From the experimental result and the aba@lattonship between the optical pulse
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duration and the damage threshold intensity, to some exte@W/cnf, 10 GW/cnf, and 100
GW/cn? could be considered as the damage threshold intensitiekOfais, 100-ps, and 1-ps
pulses, respectively.

Let us look into Eqs[ T}4, 1.6, afd]L.7. As discussed prelyiptasachieve the same gain for
the lower pump intensity, the crystal length has to be ireedalonger crystal length decreases
ain Eq. because the phase-mismalikh increases, and, consequently, lowers the Gail
exact phase matching is satisfied in the entire gain bantwtiok gain bandwidth would not be
altered provided Eq. 1.1L0 is fulfilled. However such an ideale cannot be realized in broadband
parametric amplification and, consequently, a finite amaofiphase mismatch exists for some
wavelengths and tends to decrease the gain, in contras tmsie of exact phase matching, even
when Eq. [1.J0 is satisfied. Examples of gain curves in the cB&%OPA pumped by 532

(A) | —— 1 GW/em’ pump (Crystal length 10.5 mm) (B) | —— 1 Gwicm? pump (Crystal length 10.5 mm)
—— 10 GW/cm® pump (Crystal length 3.32 mm) —— 10 GW/cm® pump (Crystal length 3.32 mm)
100 GW/cm” pump (Crystal length 1.05 mm) 100 GW/cm? pump (Crystal length 1.05 mm)
1x10° 1%10° -
= =
(0] (0]
()} ()]
Q Q
‘6 3 B 3
€ 5x107 € 5x107
[} ©
— —
g g f
| Ve
O T T T T O / T T T T
600 800 1000 1200 1400 600 800 1000 1200 1400
Wavelength (nm) Wavelength (nm)

Figure 1.1: Relationship between the pump intensities aa®iRA gain. (A): Calculated OPA
gain curves with fixed parameters (noncollinearity anglé phase-matching angle) and three
different pump intensities of 1 GW/dm(black line), of 10 GW/crf (red line), and of 100
GWi/cn? (green line). A relative ratio of the crystal thicknesseslésermined by the relation
derived in Eq.[1.7|0. A total gain is arbitrarily chosen a$ adthe peak. (B): OPA gain curves
with optimized parameters (noncollinearity angle and phastching angle) for a smooth gain
spectrum at three different pump intensities of 1 GWi¢biack line), of 10 GW/crf (red line),
and of 100 GW/crA(green line).

nm radiation in a type | phase-matching BBO with three diffegmmp intensities (a detailed
description about NOPA and its gain calculation are avélai Chapte2) are shown in Fig.
1. In Fig. [T (A), calculated OPA gain curves with fixedgraeters (noncollinearity angle
and phase-matching angle) and three different pump intesisif 1 GW/cn? (black line), of 10
GWi/cn? (red line), and of 100 GW/cf(green line) are shown. A relative ratio of the crystal
thicknesses is determined from Eg._1.10. A total gain is ehass about 1Dat the peak. In
Fig. (B), smoothed OPA gain curves with different optietizparameters (noncollinearity
angle and phase-matching angle) and three different putapsities of 1 GW/crh(black line),
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Figure 1.2: Phase-matching region where a phase-misnsliessi than a certain value simulated
with the same condition as the calculation plotted in Fid].(R).

of 10 GW/cn? (red line), and of 100 GW/cf(green line) are shown. Two conclusions can be
drawn from these plots. One is that, even with the differembp intensity and crystal length, if
the both parameters satisfy Hq. 1.10, the gain values & peaks, where exact phase-matching
is fulfilled, would be equal for three conditions. With thevgacalculation parameters for the
gain shown in Fig[ I]1 (A), the behavior of phase-matchirggmotted in Fig.[1]2. The phase-
matching curve crosses 23%6f®r three times where exact phase matching is achieved. The y
axis in Fig.[I.R represents the angle between the opticaldxie nonlinear crystal and the pump
beam propagation directioh J70]. In the region other thantkiee points, finite phase mismatch
results in a lower gain so that, to fill the gap between thestpesaks in the gain curve, one needs
to tune the parameters to obtain a smooth gain spectra féowe pump intensity as shown in
Fig L3 (B). The second conclusion is that the use of high purtensity is preferable for the
broadband amplification required for the few-cycle higlemgy pulse generation, because the
thin crystal does not accumulate phase mismatch, resuitiagelatively smooth gain spectrum
such that a larger separation between the three gain peakeattempted to achieve a broader
spectrum by the change of parameters as shown by the green Fig.[1.]l (B). However, as will
be shown later, high pump intensity is not always preferaleause of the resultant nonlinear
effects and the timing-jitter problem arising from shortgaupumping. Deliberations on these
issues will be presented later in this section.

1.3.3 B-integral, pump intensity, and gain

High-intensity short pulse generation and amplificatiomegis accompany inevitable nonlinear
effects accumulated in the amplifier even with CPA, becausieediigh intensity of the amplified
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stretched pulsd [h2]. As noted in Ref. [52], dependent on thelifier design, a terawatt-class
Ti:sapphire amplifier system exhibitsBzintegral between 1 and 3. The definition of tBe
integral from Ref. [54] is

21T

B=-
As

L
/O nols(2)dz (1.11)
whereAs is the wavelength of the signal wauejs the nonlinear crystal lengting is the Kerr-
effect nonlinear refractive index of the amplifier materiahd|s(z) is the position-dependent
signal intensity. The spatial and temporal beam qualitjhefamplified pulses is very important
for the high-peak-intensity laser system and the recomnspre®f the amplified stretched pulse
down to the transform-limited pulse duration so that the ambof theB-integral is a key parame-
ter for the design of a laser system. As listed in Tal. 1.1, Rdsset al. [23,[71] pointed out that
the value oB-integral could be kept less than 1 in a parametric amplifidich is much less than
that of a CPA system based on Ti:sapphire. This is becausenhasimngle-pass gain achievable
in an OPA system requires less propagation in the nonlingatat than that in the laser crystal
of a CPA system. However, the expression of Bamtegral only includes self-nonlinear effects
induced by the intense pulse itself, such as SPW [7R, 73] elidccusing [74,[7b[13]. This
excludes cross-phase modulation (XPM]) [76] between tlomgtpump, signal, and idler beams.
However, because the OPA process is only possible by theaspatl temporal overlap between
the pump and signal beams, the XPM should also be taken intuatfor the evaluation of the
nonlinear effects accumulated during the OPA process. efbier we propose a definition of a
newB-integralBg;; accounting for both nonlinear effects as

L
By = i—’z /O M2 (Vodlp(2) + 1s(2) + il (2)) dz, (1.12)

where the same notations as in [Eq. 1.11 are usedarahd ys; are the correction factors for a
Kerr-effect nonlinear refractive index accounting for SENd XPM.

Yps IS equal to 2 when a pump polarization is parallel to a sigwénzation and 2/3 when
the pump polarization is orthogonal to the signal polai@af7{], and the same applies fgy;
between the signal and idler beams. For exampleandys; are equals to 2/3 and 2 in the type |
phase-matching condition, respectively. Because the patapsity is usually much higher than
that of the signal and idler, B-integralByx py, which includes only the XPM effect between the
pump and the signal, could result in a further simplified folam from which one could derive
the relationships between tBeintegral, the pump intensity, and the crystal length. dstig[1.6
and Eq.[1]8, in a small-signal-gain regime, the relationgigitween the gais’ and theBxpwm
can be derived as

G =sint?(gL) ~ (gL)% O I,L? (1.13)
/
Bxpm OlpL GT 0,/Glp (1.14)

wherelp is the pump intensity andl is the crystal length. From these equations, it can be
concluded that th8-integralBxpy is proportional to the gain and inversely proportional te th
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length of the crystal. Alternativelyg-integral is proportional to the square root of the product o
the gain and the pump intensity. The high pump intensity éguable for the broadband gain
but not good for the output beam quality due to the resultagit B-integral.

For a further detailed investigation, we performed a nuoarsimulation of the coupled-
wave equations in order to demonstrate a more preciseaeddtip and estimate a concrete value
of the B-integral By, including all possible effects. ThBg, is calculated from the position-
dependent values of pump, signal, and idler intensitiesrgilyy a numerical solution to the
coupled-wave equations. A 532-nm pump wave with the inititgnsities of 1, 10, and 100
GWricn? is used in a degenerate OPA, whose signal wavelength is 1964ssuming exact
phase-matching. The effective second-order nonlinedficeat is chosen to be a typical value
of 1 pm/V and the typical value of the Kerr-effect nonlineafractive index coefficient; is
that of the fused silica (3. 10% cm?/W, see AppendiX]E for the value of the nonlinear
refractive index). In Fig[ I]3 (A), the evolution of the purfipack line), signal (red line), and
idler (green line) intensities are plotted with the progagadistance in the crystal. For this
calculation we used a 10-GW/émpump intensity, a gain of f0and a 5-kW/crf input signal
intensity. In Fig.[1.B (B), using the same parameters, theutatedB-integral value (blue line)
is plotted. The signal (red line) and idler (green line) aaedty distinguishable with each other.
In the saturation regime, the slope of tBentegral increases because of the different values of
Yps = 2/3 andysi = 2 in Eq. [I.IR although the sum of the three intensities is kepstant.
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Figure 1.3: OPA process and simulatdntegral. (A): Evolution of pump (black line), signal
(red line), and idler (green line) intensities. The 10-GW/@ump initial intensity, gain of 19
and the 5-kW/crf signal initial intensity are used for the calculation. (Byoftion of pump
(black line) and signal (red line), which is hardly distinghiable from the idler (green line),
intensities and a value of thintegral (blue line). The 10-GW/chrpump initial intensity, gain
of 10°, and the 5-kW/crAsignal initial intensity are used for the calculation.

Dependences of thg-integral value, which is obtained at the peak of the signtrisity, on the
parametric gain is presented in F[g.]1.3 for three diffepmhp intensities. From these plots, it
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Figure 1.4: Dependencies of tiBeintegral on the parametric gain for three different pumyp in
tensities:1 (black line), 10 (red line), and 100 GWfc(green line). Note that the x-axis is
represented in logarithmic scale.

is obvious that thé-integral in an OPA process is higher for the same gain witlghdr pump
intensity and a thinner crystal. The ratio of tBantegrals at the same gain value between the
different intensities satisfies the relationship deriveq. [1.14. TheB-integral is proportional

to the square root of the pump intensity assuming the congtan. When the totaB-integral

in a multi stage approach and a single stage for the same gagompared, the toté-integral

for the multiple stages becomes higher than the single stagreexample, 8 optical parametric
amplifiers, where a gain of 10 in each stage is achieved,trisal total gain of 18 and aB-
integral of 8x 0.32 = 2.56, while a gain of f0n a single stage leads toRzintegral of 0.97
with the pump intensity of 100 GW/cftn This means that a fewer-stage approach for the same
amount of the gain is better in terms of nonlinear effectessuHowever, from the practical
and experimental point of view, the gain of2lih a single stage has never been realized and
the multi-amplifier-stage approach was experimentallyfieelto suppress more the ASF than a
single stage approach.

1.3.4 Conversion efficiency, gain, initial signal intensity, and outpustabil-
ity

In this subsection, we investigate the dependence of ermmgyersion efficiency in the OPA
process on the gain, the durations of the pump and signatqusd the input signal intensity.
The stability of the amplified signal will be discussed. Altlgh an exactly phase-matched op-
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tical parametric amplifier using a pump beam with rectangsifeapes in time and space gives
maximum conversion efficiency equal to the quantum defeonefpump photon energy to one
signal photon energy, however, Gaussian pump beams wouhdobe practical for the exper-
iment because an oscillator or regenerative amplifier gatipports usually a Gaussian beam
and it is easier to obtain and handle. We derive the energyecsion efficiency in an exactly
phase-matched OPA using a Gaussian pump beam in time are apadaussian signal beam
in space. The temporal shape of the signal pulse is assunteddoper-Gaussian. To simulate
the conversion efficiency, the approximation of no pump eeph is invalid so that, in order
to include the pump depletion, one has to solve numerichlycoupled-wave equations. The
coupled-wave equations are solved at every point in timespade. The pump and signal wave-
lengths are 1053 and 2106 nm, respectively. These wavéleage used because the simulation
was originally meant to account for the low efficiency in aftraned OPCPA system. The pump
and signal intensities are 15 GW/émnd 15 MW/cm, respectively, and a second-order nonlin-
ear coefficient of 16 pm/V is chosen. For this numerical satiah, we used a 30-ps (FWHM),

’—-—OPAefficiency‘ —1t=0,r=0
0.10 ——1t=0,r=0.4mm | 10.0G
8.9 % t=-55ps,r=0
at 850 ym
0.08 + 7.9% 8.0G
at 750 um .
> NE
2 o0o064. 60G O
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L= >
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Figure 1.5: OPA conversion efficiency with Gaussian beantssagnal intensities at several

points. Black line: a signal intensity at time = 0 ps and theteeaf the signal beams in space,
red line: a signal intensity at time = 0 ps and 0.4-mme-off fritva@ center of the signal beams in
space, green line: a signal intensity at time = -5.5 ps andeheer of the signal beams in space,
and black dotted-line: overall conversion efficiency.

1.2-mm-diameter (FWHM) pump beam and a 10-ps, 1.2-mm-dniEWHM) signal beam. In
Fig. [1.%, amplified signal intensities at different pointgime and space are plotted with black,
red, and green solid lines. The black line shows a signahgitye at time = 0 ps and the center
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of the signal beams in space. The red line shows a signakityeat time = 0 ps and 0.4-mm-off
from the center of the signal beams in space. The green lin@ssh signal intensity at time =
-5.5 ps and the center of the signal beams in space. The sidaasity at each point in time
and space saturates after different propagation lengtthei®PA crystal because, at each point,
the intensity of the pump beam is different. This effect esute decrease of overall conversion
efficiency for the case of Gaussian pulses even with exadephmatching. Overall conversion
efficiency obtained by the integration of all the spatial tardporal points is plotted with a black
dotted-line in Fig.[1]5. In this case, the highest conversifliciency is calculated as 8.9%. In
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Figure 1.6: Pulse profile of the amplified signal after thepaigation in the OPA crystal. (A):
temporal profiles of an input signal (black line), an inputgu(red line), and an amplified signal
(green line) after 75@t:m-long propagation in the OPA crystal and (B): temporal pesfibf an
input signal (black line), an input pump (red line), and arpéfied signal (green line) after 850-
um-long propagation. (C): temporal and spatial profile of thepbfied signal after 75Q+m-
long propagation and (D): temporal and spatial profile ofaimplified signal after 85@:m-long
propagation.
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Fig. 1.6 (A), the temporal profiles of the input signal (bldicie), the input pump (red line), and
the amplified signal (green line) after 7p0n-long propagation in the OPA crystal are shown. In
Fig. .6 (B), the temporal profiles of the input signal (blaicke), the input pump (red line), and
the amplified signal (green line) after 8%0n-long propagation are shown. Fi¢s.]1.6 (C) and (D)
show the spatial-temporal representation of the amplifigiled after 750 m-long propagation
in the OPA crystal and after 850m-long propagation, respectively. Although the highest-co
version efficiency of 8.9% can be obtained after §50-long propagation in the OPA crystal,
at this point, degradation of the pulse quality is clearlgated in Fig[ 116 (B) and (D). Sharpe
peaks in the temporal wing of the signal shown in [Fig] 1.6 (Blildde converted to peaks in the
amplified spectrum in the case of an OPCPA system, where thalsgtemporally stretched.
For example, despite the lower conversion efficiency of 7&fér 7504m-long propagation,
the shape of the amplified signal is not altered dramaticaily relatively high conversion effi-
ciency could be achieved as shown in Hig] 1.6 (A) and (C). By éineesmethod, we analyze the
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Figure 1.7: OPA efficiency dependence on the input signahsity and the pulse duration ratio
between the pump and signal pulses. (A): efficiency curvigdovith the energy ratio between
the 10-ps input signal and 30-ps pump pulses. (B): efficiencyecplotted with the energy ratio
between the 30-ps input signal and 30-ps pump pulses.

relationships between the conversion efficiency, the durattio between the pump and signal
pulses, and the input signal intensity. In Fig.] 1.7, the eosion efficiency of the parametric
amplifier is plotted with the energy ratio between the inpghal and pump pulses. The same
parameters as those in the previous calculation are usegtetke pulse duration ratio. Fif. 1.7
(A) shows the conversion efficiency when the durations ofpiln@p and signal pulses are 30 ps
and 10 ps, respectively. Fif. 1.7 (B) shows conversion effagievhen the durations of the pump
and signal pulses are 30 ps and 30 ps, respectively. Of gautggher conversion efficiency is
achieved when a longer signal pulse is used. The value @atawith the 30-ps-long pump and
signal pulses corresponds well to the published reportoo¥arsion efficiency[[18, 79]. The
efficiency increases with the increase of the input signakgyn A high conversion efficiency
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is required always at the last stage in an amplifier chain abttte final OPA stage should be
seeded with as energetic as possible a signal to achievé adngersion efficiency.
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Figure 1.8: Amplified signal stability in OPA. Amplified sighenergy fluctuation induced by
10% variation of the pump intensity with different crystaidknesses: 75Qm (black line), 800
um (red line), 85Qum (green line), and 902Am (blue line).

At the same time, the stability of the amplified pulse enesgl$o an important topic. When
rectangular spatial and temporal profiles of the pump andasigulses were used in the para-
metric amplifier, the saturation and stabilization of an QftAput was demonstrated in Ref.
[E9]. This demonstration showed the stabilization of theplified signal obtained after the OPA
saturation.

Here the output pulse energy is calculated with severa¢wdifft pump pulse energies and
several thicknesses of the crystal. Like previous calmnat Gaussian beams for the pump and
signal are used. The pump pulse energy is changetl 6%. The calculated output energy is
shown in Fig.[I8. In Fig[_1].8, the OPA output pulse energl#ained after propagation of 750
um (black line) in the OPA crystal, 80@m (red line), 85Qum (green line), and 902m (blue
line) are shown. Although plots show positive correlatidhe slopes are different. In Fif. ]L.8,
the output energy after 850m-long propagation (green line) in the crystal fluctuate®%p6
and this exhibits some stabilization effect of the outpgihal. However, as mentioned previously,
the obtained output beam profile is not good for the practisal The more acceptable output
signal profile with the 75Qtm-thick crystal would result in more fluctuation (17%) of thaput
energy than the pump energy.

In summary, we have investigated several characterisfitseoOPA (OPCPA) process in
detail. Several compromises have been found for the desidgmnaplementation of an OPCPA
system. With these compromises, in the near-infrared OPGMR& tdescribed in Chaptfr 2, we
adopted a 60-ps pump pulse and a 40-50-ps-long stretchddosése. From these values, we
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could expect a lovB-integral, a relatively high conversion efficiency of mohan 20%, and a
broad OPA gain bandwidth. In the infrared OPCPA to be desdribeChaptel[4, we used a
40-ps pump pulse for OPA stages and a 10-ps-long stretcleedpssse. This was because we
were unable to stretch the seed pulse to more than 10 ps withnlly stretcher type available at
the moment. In this case, broadband amplification would bB&eto achieve but the conversion
efficiency was lower than 10%.



Chapter 2

Generation of terawatt-class, few-cycle,
near-infrared laser pulses by use of OPCPA

2.1 Introduction

In this chapter, a broadband optical parametric amplifidesgned and experimentally demon-
strated. To obtain broadband amplification, NOPA schemleoeilised in a parametric amplifier.
We demonstrate the physical origin of a broadband paraenatnplification mechanism based
on NOPA by use of both mathematical procedure and numerigallation. The choice of a
nonlinear crystal is a key issue in an OPA experiment andbeiltarefully chosen with the help
of numerical simulation. An OPCPA experiment requires thechyonization of pump and seed
pulses. As seen in the last chapter, picosecond pump p@eests be optimum for our purpose,
ultrabroadband high-energy pulse amplification. We usdextrenic phase-lock loop (PLL) to
synchronize two independent oscillators delivering pgoasid pump and stretched seed pulses
for an OPCPA system. This was, when it was constructed, thiarfakto utilize repetition-rate-
locked oscillators for an OPCPA system. We characterize ¢énfopnance of a noncollinearly
phase-matched optical parametric amplifier using a BBO drgsta parametric crystal, a home-
made broadband Ti:sapphire oscillator, a commerciallyla@va pump laser, and a simple pulse
stretcher. After these test experiments, we describe therggon of few-cycle, terawatt-class,
near-infrared optical pulses by use of a novel pulse steetahd compressor pair in an OPCPA
system.

2.2 Recent advances in ultrashort optical parametric devices

In this section we review recent advances in ultrashort lpgkse generation and amplification
based on optical parametric interactions. Among many pef@éerinteractions, noncollinearly
phase-matched optical parametric interaction (NOPI),re/tiieree involving optical waves in-
teract noncollinearly, exhibits unique features: extrgnbeoadband parametric generation (su-
perfluorescence) and amplification. Especially, the utbatband parametric amplification of
optical pulses is suitable for our purpose: the generatideve-cycle high-energy optical pulses.
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As the first NOPI phenomenon, noncollinearly phase-matchie® was observed in 1967,
several years after the invention of the laget [43, 49]. mehrly stage, researchers had made
experimental demonstrations in many crystals and expaitsephysical mechanisnj J49]. In
addition, a preliminary application of NOPI to walk-off cgensation in optical parametric os-
cillation (OPO) was demonstrat¢d]50]. However, its agglans to ultrafast optics had needed
to wait for reliable ultrafast laser sources, mainly Tijsljpe laser, and new nonlinear crystals.

In 1985, a Chinese group invented a new crystal, BBO [47]. BBO hawynméeresting fea-
tures such as the wide transparency range from infraredttavidlet, the large birefringence
allowing many phase-matching conditions|[80, 81], thetiaddy large nonlinear coefficient, and
the high damage threshold. With the use of BBO and Ti:sappagers$, broadly tunable non-
collinearly phase-matching OPOs [42] 41] were demonstratging to the cancellation of the
spatial walk-off of an extraordinary pump beam from a sigoeém. Although these demon-
strations were not meant to generate broadband ultraspticebpulses, soon, researchers had
utilized the usefulness of BBO in NOPI for a broadband pulseeganr and amplifier. The
experimental demonstrations of broadband ultrashort OMi@snoncollinear phase-matching
(NCPM) [82,[88] and broadband NOPAs resulting in the genemadf energetic ultrashort pulses
[B4,[45%,[4b6,[8k[ 85, 86], have been made shortly after theiguewvorks mentioned above. Ul-
trashort energetic pulses, with the duration of from sul@l@@n to a few femtoseconds, from a
broadband NOPA have owed to also the compressible OPA seetkessupercontinuum (white
light) [B7, [72] generated by the self-phase modulation afiltiashort pulse propagating a trans-
parent material[J§4, 89]. Furthermore current state-btenhnologies ha resulted in the com-
pression of a white-light-seeded NOPA by use of an adapfwe®following a parametric am-
plifier [BQ, 91,[92[9B]. The shortest pulse duration of 3.:ds been demonstrated so far by
adaptive optics[[94]. However relatively low output enefgym a parametric amplifier, which
does not exceed more than tengudf, limits the use of the generated ultrashort pulses in high-
field experiments such as high-harmonic generation, attogkpulse generation, and extremely
nonlinear optics. To apply the advantage of an optical paisplifier based on a NOPA to high-
field physics, we need to upscale output pulse energy fromearpetric amplifier. The concept of
NOPA, combined with the chirped-pulse amplification teciuei (noncollinearly phase-matched
optical parametric chirped-pulse amplification (NOPCPA9)ne of quite promising schemes
for a future few-cycle high-energy optical pulse generator

In the next section, we will describe the physical mechare$troadband phase-matching
and resultant amplification and a choice of a nonlinear apticystal.

2.3 Physics of noncollinearly phase-matched optical paramet-
ric interaction

In this section, we describe the physics of a NOPI phenomeihbis makes clear the physical
origin of broadband NCPM compared to a standard collinearaation.

As mentioned in Sectidn 1.3, the two conditions, the eneomgervation and phase-matching
conditions, have to be satisfied to achieve efficient panamieteraction. These conditions are
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represented in Eq9. 1.1 apd]1.2. Whereas the energy cornisergandition is automatically
fulfilled in a parametric process, the phase-matching ¢mrdneeds to be satisfied by use of
several techniques: temperature-controlled phase-imngtdQ, [9%] (typically used with non-
critical phase-matching), angle-tuned phase-matchimg) gaasi-phase-matching. In this thesis,
we used only type | phase-matching (angle-tuned phasehmg)¢in which a pump beam prop-
agates as an extra-ordinary wave in a negative uniaxiaiatigsd seed and idler beams propagate
as ordinary waves. This is because another type of phasghimgi type Il phase-matching, does
not provide broadband amplification as type | phase-magctioes. In Fid 2]1, the illustration
of pump, signal, and idler beams in NCPM and collinear phaateiing and their parameters
are presented.

Signal, kg

Signal, kg Idler, k; |

Pump, kp

Idler, k,

Figure 2.1: Noncollinear phase-matching and its pararaéleit) and collinear phase-matching
(right).

First of all, angular-frequency dependent phase mismatthe case of collinear parametric
interaction can be expressed as

AKe (s, 0 (= Wp — ws)) = Kep— Kes(@ws) — kei(w), (2.1)

wherekcp, kes, andkgjare the wave vectors of the pump, signal, and idler beamsecéisely and
wp, Ws, andaw are the angular frequencies of the pump, signal, and idemierespectively. In
this subsection, the pump wave is assumed to be monochwstathatw, = const. Here the
derivative of the idler wave vector respect to the signaldargfrequency can be written as

okei(w) _ d(wp — ) Okei(w) _ _ Okii(w) (2.2)
o dws O ow |

Because only one parameter, signal angular frequency,épémtient, Ed. 3.1 can be simplified
as

Ake(w) = Kep — kes(w) — kei(w), (2.3)
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by use ofws = w. Using Eqs[2]4, 213w = wy, andw = wy + Aw, the Taylor expansion of the
phase-mismatch (E¢. 2.1) around the central angular frexyuey can be written as

Ake(wn + Aw) =kep — Kes( ) — kei (o) — (Z—k:; - % 0) Aw
1 02kcs ﬁzkci
2 ( 92 |, 92 O) (Bw)®+ ﬁ{(Aw)S}, (2.4)
_ 1 B 1 _} 9%Kes %Ki ,
- (Vgs<ab> Vgi(Ob))Aw 2 ( 0w? |, Ow? O) (Aw)
+ ﬁ{(Aw)3}, (2.5)

where exact phase-matching is assumed to be fulfilled atrelstgntral angular frequenayp
as

Ake(, ) = Kep — Kes(@wn) — Kei(awn) = 0. (2.6)
The group velocities of the signal and idler waves at theraéahgular frequency
_ ((Okes\
Vgs(ws) = (0(»5) and (2.7)
Akei\
Vgi(oa) = (%) : (2.8)

are used for simplicity, respectively. From Hq.] 2.5, thegghmismatch linearly varies with the
angular frequency owing to the group-velocity mismatch G\between the signal and idler
waves at the central frequency. Group-velocity mismatciNBbecomes zero in the case of
degenerate OPA, where signal and idler wavelengths argicgdénso that phase-mismatch in
degenerate OPA would have parabolic dependence on an afiggaency. Therefore degen-
erate OPA could provide broader phase-matching and, to sateat, broader parametric gain
bandwidth.

We apply the same mathematical procedure to NOPA phaseatitkmWe demonstrate a
NOPI geometry with new parameters, noncollinearities betwthe pump and signal beams
and the pump and idler beams, resulting in the cancellatiorobonly a first-order coefficient
(GVM) but also a second-order coefficient. Detailed dismmssabout the cancellation of GVM
are available in some articleg [96, 44] 97] and another atitin about "polychromatic phase
matching” was made in Ref[ [98] without mentioning to its plgorigin. For practical use,
the spatial dispersion of the seed beam would not be desiaaiol will be set zero. Therefore the
noncollinearity angle between the pump and signal beafas) = const(= dp) is constant in
angular frequency. We define the phase-mismatches peguégadand parallel to the direction
of the pump

k| (w) = ks(w) sinag — ki(w) sinB(w), (2.9)
ki (@) = kp — ks(w) cosap — ki(w) cosB(w), (2.10)
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respectively. Assuming exact phase-matching in both tdoes at the central frequency as
K| () = ks(a) sinag — ki (wp) sinB (), (2.11)
Kj () = kp — ks( o) cOsap — ki () cosB (). (2.12)

The first-order coefficients of the Taylor expansions of ERS) and[Z2.70 around the central
angular frequencyy become

k(f)(wo): (%ﬁf)) osinao+ (%) OsinB(wo)
+ ki () cosB () (dgi))) (2.13)
kﬁl)(wo)z (dks ) cosag + ( ) cosB ()
ki (ao) sinfB (o ( ) (2.14)
Egs.[2.IB anf 2.14 are simplified as
2 ) = 2000 SOBUD) ) cospan) (25122 ) (2.15)
- Vgs(@o) — Vgi(ao) dw )lo
1, .. cosag cosB(wp) : JB(w)
) = — s o) ) s (%5 L e
The first-order coefficients of the Taylor expansions beceete as
KY () =0, (2.17)
K™ (wo) =0, (2.18)
provided
cos(oo+B(w)) _ 1
Vol @) V() (249)
0B(w)) _tan(ao+ B(wo))
( dw J|p  ki(wo)vgi(an) (2:20)
From another point of view, assuming Hq. 2.20, Hqgd. 2.9 ahdl &e expressed as
1 1
000 = 0080 (oo oo )80
+ﬁ{(Aw)2}, (2.21)

1 B 1 >Aw
Vgs(@Wo)  Vgs(@b) cogao+ B(an))
+ﬁ{(Aw)2 . (2.22)

K| (ao+Aw) =sin(ao) (
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These equations demonstrate the cancellation of the fidst-rcoefficients of the Taylor expan-
sions, when Eqg. ZJ19 afd 2.20 are satisfied. The GVM betweesignal and idler waves in
the direction of the signal beam is an essential point toioliigbadband phase-matching in the
case of NOPI. From Eqg§. 2.9 and 2.20, one can determine tloeltioearity angleng, assuming
sin(ap) ~ ap, as

ap = arccos<://zis<(2))) {1+ ESEZ; }l. (2.23)

As an example, we numerically simulate the noncollineaitgle using BBO refractive indices
presented in Ref[ [B0, P9] and in Eqs. A.1 @and|A.2 in Appedii¥ig. [Z2.2 shows the frequency-
dependent noncollinearity angle calculated from [Eq. ]2&&3uming the pump wavelength of
532 nm. As it follows from Fig.[ 2]2, the noncollinearity aagthows parabolic dependence

3.0

2.5

2.0 /

1.5- / \
\

0.5

Noncollinearity angle (deg.)

0.0 . . . . . . . .
650 700 750 800 850 900 950 1000 1050

Signal wavelength (nm)

Figure 2.2: Noncollinearity angles optimized for laterabge-matching and GVM

on the signal wavelength and has the plateau around 825 nmd°at Phe optimum value of
a noncollinearity angle can be calculated by this method ahdhe same time, the value of
GVM is expected to be small in the wide spectral range arobedptateau so that broadband
amplification can be expected in this spectral range.

We further proceed the Taylor expansions to a second-oedsr. t After several algebraic

manipulations, we obtain the following formula for the sederder coefﬁcientsk(f) and kﬁz),
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§ ¢ ()= (552} | sinao— (L) sinpia
~2( %] (PG| comiam e { (%52) 0}2sinﬁ<wo>
i) (222 cosplen) (2.24)
4% (a0) = — (%;Sy) Costio - (%) cosB(w) 2
(5, (5
ki) ("Zﬁaﬁi‘”) sinpic). (2.25)

2
Equalizingk(f)(ab) andkﬁz)(wo) to zero, and cancellin<5dﬁa()g)))

expressed by a simpler form
L (0%(w) oW\ | ZICANRE
0—- (%5 >OCOS(0!o+B(wo))—< ke )O+k.(ab){(w> O}. (2.26)

Using Eqg.[2.90, one can derive the formula excluding any Emglispersion term as

, these equations can be
0

_ ([ 9%ks(w) [ 9%ki(w) tarf (ao + B(w))
O_\ ( 02 ) OCOqGO‘FB(Ob))\ < 002 ) 0 K(&b)vé,(wo) . (227)
A B ¢

Because further simplification seems to be impossible, weenigally evaluate the right three
terms (A, B, and C) of Eq[ Z.R7. In Fig. P.3, the calculated valokthe first term (A in Eq.
B.27, red line), the second term (B in Hg. 2.27, green life third term (C in Eq[ 2.27, blue
line), and their sum (black line) are plotted. For this cidtion, we used a 532 nm extraordinary
pump wave. In Fig.[2]3, it can be clearly seen that the blagk lthe sum of the three terms,
crosses zero around 827 nm. At this signal wavelength, tbenskeorder coefficients of the
phase-mismatch disappear and phase-mismatch shows epaicadbence around 827 nm. This is
a unique feature in NOPI and extremely broad parametric ifingilon can be expected around
this region. Actually, this wavelength range coincideshi® ¢entral wavelength of the plateau of
the noncollinearity angle in Fig. 2.2.

In summary, we analyzed the NOPI and collinear phase-majahieractions (degenerate
interaction) and demonstrated the physical origin of th@mablband phase-matching in the case
of the degenerate interaction and the NOPI. In the next@gatonsiderations about the choice of
a nonlinear crystal to be used in an OPCPA system and detailedlations of a gain bandwidth
in NOPA will be carried out to envisage important parametershe construction of an OPCPA
system.
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Figure 2.3: Plot of three terms (first term (A): red line, setderm (B): green line, and third
term (C): blue line) of Eq[ 2.27 and their summation (blacle)ishowing the cancellation of
second-order phase-mismatch around 827 nm in the case dfQiR in the BBO crystal. A
X-axis represents the signal wavelength and pump wavéienghosen as 532 nm.

2.4 NOPA and choice of its crystal

In this section, an OPA crystal for a NOPCPA system will be celé out from many crys-
tals. Frequently used crystals for ultrashort pulse geingrare mainly borate crystals including
BBO, Lithium Triborate (LBO), and Cesium Lithium Borate (CLBO) basa of several reasons
such as high damage threshold, wide transparency range;veinelength absorption edge in
the ultraviolet, high second order nonlinear coefficieatgé birefringence, and relatively large
aperture available. The disadvantage of the borate csyistéts low resistance to humidity, es-
pecially, CLBO. Other well-known crystals such as AgGaSe (A§% KTP (KTA), KDP and
LiNbO3 (KNbO3) have potentials for OPA applications and are even usedtiafast pulse gen-
eration, mainly, in the infrared. AgGaSe, KTP, and LiNpikave long-wavelength absorption
edges around 710, 350, and 330 nm, respectively. Therdfisr®onhg-wavelength absorption re-
stricts their use in the parametric amplifier pumped by \esibtense pulses at 532 nm. because
of problems of the linear and two-photon absorption of girpamp radiation. Also KTP (KTA)
is not used usually for type | phase-matching because ofritdl second order nonlinear coeffi-
cient for this phase-matching. KDP and DKDP are good canesdaecause of short-wavelength
absorption edge in the deep UV and its available large apgesine. However these crystals do
not have enough transparency in the near infrared so thdifemafon of shorter wavelengths
than 800 nm is difficult when a 532-nm laser pulse is used asngppuulse. Therefore, for
our purpose, only two borate crystals, BBO and LBO, remain asndidate because CLBO
is too deliqguescent to handle in a normal laboratory enwirent. \We compare the properties
and features of BBO and LBO. The NCPM curves with BBO and LBO pumped 532anm
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Figure 2.4: Phase-matching curves in the NOPI for the BBO (Al)laBO (B) crystals pumped
by a 532-nm monochromatic wave.

monochromatic wave are shown in Fig.]2.4 (A) and (B), respelsti Parameters are chosen
such that the flat phase-matching curves are obtained. Ta@uzions can be drawn from these
curves. The first conclusion is that the flat phase-matchand@BO lies in the shorter wave-
length range than for LBO. This difference is important for purpose because our broadband
Ti:sapphire seed oscillator has a spectrum from 650 to 1@0@nd this oscillator spectrum
is better overlapped with the phase-matching curve of BBO t@. The second conclusion
is that the phase-matching curve of LBO has the wider acceptangle than BBO. Wide an-
gle acceptance is an attractive feature because narrow aogéptance might result in the drop
of pump-signal conversion efficiency and the spatial chirpnftuniform beam profile for each
wavelength) [100]. Notice that the color scale of the z-afi8BO and LBO plots are two
times different because the second-order nonlinear caeftiof LBO is two times lower than of
BBO and therefore two-times longer interaction is required-80 than BBO in order to obtain
the same amount of gain. We numerically simulate the gaimesuof noncollinearly phase-
matched parametric amplifiers based on LBO and BBO. We use thaufarfor the intensity
gain calculation shown in Eq. 1.5. The beam geometry anddhenpeters are found in Fif. P.1
and the amount of phase-mismatch can be obtained by [Edsn@[2.2D. From Egs[ 3.9, the
noncollinearity anglexg between pump and signal beams determines the frequeneydient
noncollinearity anglg3(w) of an idler beam. The obtainexh and B(w) are used for the cal-
culation of the phase-mismat¢h 2.10 parallel to a pump beasstibn. The refractive indices
of LBO and BBO used in this calculation are available in Egs.] AT, [A.3,[A.6, and AJ in
Appendix[A. Fig.[Z.p plots the spectrum of a home-made Tpkap oscillator (black line) and
calculated NOPA gain spectra for BBO (red line) and for LBO (grie®e). The parameters used
for these calculations are, the common pump intedgitg0 GWi/cnt, the effective second-order
nonlinear coefficientes: 2.0 pm/V for BBO and 1.0 pm/V for LBO[J99, ID1], the interaction
lengthL: 4.0 mm for BBO and 7.4 mm for LBO, the signal noncollinearity lengp: 2.28 for
BBO and 1.8 for LBO, and the phase-matching angle, which is the angle fmoroptical axis
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Figure 2.5: Seed spectrum from a Ti:sapphire oscillataqlline) and simulated gain spectra
of NOPA using BBO (red line) and LBO (green line)

to pump beam propagation direction: 23fér BBO and 13.7 for LBO. In the case of LBO,
pump, signal, and idler beams are in the X-Y plane and therigat#on of the pump wave lies
in the X-Y plane and the signal and idler waves are polaridedgaz-axis. In Fig.[2]5, it is
shown that the gain spectrum of NOPA using BBO is more overlppth the Ti:sapphire seed
oscillator than LBO. The shortest pulse duration calculéethe Fourier transformation of the
BBO gain spectrum assuming a flat spectral phase is about 6=Wsli of the intensity). This
corresponds to 2.2 cycle at the central wavelength of 840Aithough OPA results using LBO
will not be described here, we have experimentally tested 2B parametric crystal. This
experiment showed us more red-shifted gain spectrum than BBEause of the better spectral
overlap between the BBO gain and the Ti:sapphire spectrum,seexclusively BBO for the
near-infrared OPCPA system described later.

2.5 Pump-seed synchronization

We review several synchronization methods used in prewaur&s on OPCPA and give con-
siderations about a synchronization scheme applicableé tORCPA using picosecond pump
pulses. For parametric three-wave interactions (inclydiiPA), pump and seed pulses must
have temporal and spatial overlap with each other to exahangrgy between them because of
lack of an energy storage in a parametric process. Therafo@PCPA system imposes strict
synchronization between pump and seed pulses. The stadtatiom of an OPCPA system re-
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quires the stabilization of relative timing jitter betwegmmp and seed pulses within less than a
fraction of their pulse durations. Timing jitter of more th&0% of pump and signal pulse du-
rations severely might degrade amplified pulse comprdggjl@nergy stability, and the stability
of amplified spectrum and the intensity of compressed araglgeed pulses. Although about 20
years has passed since the first demonstration of OPCPA silne ad synchronization is still a
common problem and not completely solved yet even in reakivgrsystems. Dependent on an
pump pulse duration, an output energy level, a requiredubytiplse duration, and so forth, only
two synchronization methods had been used in OPCPA systems.

1. Single narrowband oscillator approach
2. Electric trigger synchronization

and they will be discussed in the following subsections.

Single narrowband oscillator approach

An approach that one narrowband oscillator delivers seé&gpiio a parametric amplifier and a
pump amplifier has been widely used since the use in the finsbdstration of OPCPAT3(, P2].
As a typical example of this approach, in R¢f.][22], a Nd:glzssllator seeded simultaneously a
Nd:glass regenerative amplifier for pump pulse generatoleaa OPCPA system. Stretched seed
pulses from the oscillator were amplified in a degeneratealgtarametric amplifier pumped by
the frequency-doubled output from the regenerative arepliMany works using this approach
have been demonstratdd [10Z,]103] 104} [0F, 106] and thayaibly rely on an optical paramet-
ric amplifier operating at the degeneracy point becausehbee of available wavelengths for
pump and seed pulses is limited to the fundamental and itadracs. However, we could not
use this approach because of lack of spectral overlap betageTi:sapphire and an Nd:YAG
amplifier, which will be used as a pump laser for our OPCPA systehis method cannot meet
our requirement, high-energy few-cycle pulse generabienause degenerate OPA provides usu-
ally narrower gain bandwidth than NOPCPA except one speasg §I04] and the difficulty in
high-energy pump laser development based on Ti:sapphiessary for this approach. In Ref.
[L04], spectrally broadband pump pulses are speciallynegged in time and space to be able
to amplify extremely broadband (from 630 to 1050 nm) seedtspm obtained by a photonic
crystal fiber. This idea is quite attractive for low-enerdyrabroadband pulse amplification.
However this special case cannot be applicable for highggraulse generation simply because
of its low energy conversion efficiency due to the complidatgstem and a Ti:sapphire amplifier
required for pump pulse generation. This scheme could bed gpproach when femtosecond
high-energy pulses from an laser amplifier based on emeigiig-doped host materials will
be able to serve as pump and seed sources for an OPCPA systesecdnd harmonic of fem-
tosecond high-energy pulses can be used as a pump sourcedpti@al parametric amplifier of
supercontinuum generated by the small portion of femtasgbagh-energy pulses from an Yb
laser amplifier.
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Pump-seed synchronization by an electric trigger

an electric trigger is frequently used to synchronize @ptpulses. For example, this is used
for the synchronization between Ti:sapphire oscillatdsps andQ-switch Nd:YAG laser pulse
pumping a Ti:sapphire amplifier. Limitation of this methadpossible precision of an electric
signal respect to optical pulses. The precision of an atestgnal is sub-nanosecond under
the current technology. Therefore the synchronization@asgecond pulses is hardly achievable
by electronics. Usually nanosecodswitched or injection-seeded lasers are used as a pump
source with this synchronization method. Advantages aftieéthod includes its simplicity and
easiness in use, wavelength tunability of a pump laser|adlaihigh-energy pump pulse, and
commercial availability of well-developed inexpensivennaecond lasers. At the same time,
there exist several disadvantages such as narrow OPA gadwixith, inability for broadband
few-cycle pulse amplification, low conversion efficiencgdamultiple pulse amplification in a
nonlinear crystal. Narrower gain bandwidth results fromgéaphase-mismatch accumulated
during propagation in a long OPA crystal because a damagedttbld intensity is lower for
nanosecond pulses than picosecond pufsés [69] so thater lpagametric crystal is necessary for
nanosecond pump pulses. Detailed considerations abaubthic will be given in Sectiop 1.3.
Another difficulty in the recompression of ultrabroadbatr@étshed pulses from nanosecond to
sub-10-fs restricts the practical use of nanosecond purseptor few-cycle, high-energy pulse
generation. So far, the recompression of 300-ps stretchisggp down to sub-10-fs pulses has
been demonstrated with the help of adaptive opficg [107]vE&wipn efficiency of a parametric
amplifier using nanosecond pump pulses tends to be low becdiypical unmatched durations
between pump and seed pulsesQAwitched laser has typically a duration of more than 5 ns,
while seed pulses can be stretched to less than few nanalseabmost. This mismatch results
in lowering the energy conversion efficiency from a pump eutsa seed pulse. Multiple pulse
amplification, caused by reflections of amplified pulses @nsinfaces of an OPA crystal, has
been demonstrated in our group for the first tirne J108]. A tggin in a parametric amplifier
is one of advantages of OPA or OPCPA. However reflections oflaljhnemplified pulse on the
surfaces of an OPA crystal cannot be neglected any more im &udigh gain operation of a
parametric amplifier. A reflected pulse become a seed to bdifadmgain by a long pump
pulse when pump pulse length is much longer than a crystekriess and a high OPA gain
overcomes substantial losses at the anti-reflection csatddces of a crystal. As an example,
1% reflection at both surfaces can be easily compensated ByPArgain of 16, which is not
so rare in the case of OPA. In the worst case, this mechanisisesgparametric oscillations
(optical parametric oscillation) between the surfaces wbalinear crystal[[10Q9]. This effect is
schematically illustrated in Fig._2.6. The scheme of re&ftection and re-amplification ((A)-
(C))and the high-dynamic range autocorrelation trace (@nablified signal pulses in an OPCPA
system after pulse compression are shown in Fig. 2.6 (Cquofedr. Tavella Franz, the Max-
Planck-Institute for Quantum Optics, Garching, Germarsiyy. [2.6 (A) illustrates pump pulse
(green), whose spatial duration is longer than a crystal stretched seed pulses (from yellow to
orange) coming into an OPA crystal. Fig.]2.6 (B) shows reftectf an amplified seed pulse at
the back surface of the crystal. F[g.]2.6 (C) the re-refleatioth re-amplification of the reflected
amplified seed pulse. Fif. 2.6 (D) shows the high-dynamigeautocorrelation trace of multi-
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Figure 2.6: (A)-(C): Schematic illustrations of the reteflection in the OPA stage by use
of a pump pulse with the duration longer than the crystakimss. (B): High-dynamic range
autocorrelation trace of multi-millijoule few-cycle neafrared pulses based on OPCHA J108]
(Courtesy of Mr. Tavella Franz, the Max-Planck-Institute @uantum Optics, Garching, Ger-
many). See the main text for details.

millijoule few-cycle near-infrared pulses generated framear-infrared OPCPA system. In Fig.
£.8 (D), two pre-pulses do not exist and are ghdsts]| [108] of past-pulses around 50 ps (one
peak at 48 ps from a 4.4-mm-long BBO crystal and the other at tbpsa 5.5-mm-long BBO
crystal). The other two post-pulses after 100 ps are crdatédo-times retro-reflection (one at
110 ps from the 4.4-mm- and 5.5-mm-long BBO crystals and therah123 ps from the two
times in the 5.5-mm-long BBO crystal). The ASF contributes smoth pedestal in the range
from -100 ps to 150 ps, which would be a critical issue for higfensity applications using solid
targets (e.g. high harmonic generation on a solid). Howgesrerally, higher-contrast amplified
pulses have been demonstrated by use of OPCPA in contrasptifiedpulses obtained by CPA
in Ti:sapphire [ZI0[_I31]. In a high-contrast OPCPA systeranesmall ripples of a pump pulse
obtained from a Q-switched laser imprints the modulatioariramplified spectrum, causing the
degradation of a pulse contrakt[lL12]. Proposals for fuithprovement of the pulse contrast of
an parametrically amplified pulse have been made by use chdad OPAS[[T13] and by use of
a third-order nonlinear effect in a Mgplate [11#].

An electric trigger method has been applied to the synchatimn method of an OPCPA
system since 1998 when A. Galvanauskasl. [[I5] demonstrated the first application of
electric trigger synchronization and@switch laser. Especially, after a proposgl][23] made
by I. N. Rosset al. , which pointed out an OPCPA method applicable for extreméij-h
peak-intensity ultrashort laser pulse generation up to\A0 IBrge institutes in the world have
applied an OPCPA approach to the development of high-enbigly;intensity, and ultrashort

laser pulse systemp [116, 117, 18, 119] 120} [2], 122].ebetdemonstrations, a high-energy
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nanosecond)-switched laser is exclusively use as a pump source. Soharhighest pulse
peak intensity reaches up to more than 100 terawatt in soleRBRystems, respectivelly [123,
fl24]. More than 1 petawatt (PW) peak intensities in the hyhntplifier systems comprising
an OPCPA front-end and Nd:glass power amplifiers have bedineed12%,[I2D]. Notice that
the first PW laser built in Lawrence Livermore National Ladtory [126¢] relied on Ti:sapphire
regenerative amplifiers operating at 1053 nm as a front-énlleopetawatt laser systerh [127]
, iInstead of using an OPCPA as a front-end simply becauseattrtbment, OPCPA was not
widely noticed. Apart from these high-energy OPCPA systéhis approach has been employed
in a hybrid system using OPCPA and Ti:sapphire amplifierg,[L28] and OPCPA systems using
periodically poled KTP[[129] and periodically poled LiTaflL3q]. All experiments listed above
have demonstrated high-energy and/or more than tens cb$éexxnd laser pulse generation. The
electronic synchronization approach has been appliedtowband amplification and relatively
long pulse amplification and not been used for few-cyclegatsplification.

Picosecond pump and seed pulses synchronization by use of a phase-lock
loop

As mentioned above, synchronization of picosecond pumseed pulses cannot be achieved by
an electronic synchronization method. However, few-cydteabroadband pulse amplification
based on an OPCPA scheme requires the use of picosecond plsag, poerefore, synchroniza-
tion in the picosecond range. The precise synchronizatartianing-jitter reduction of optical
pulses have been one of topics in laser phydics| [L3],[13%,MBB[13p]. A repetition rate of
a laser oscillator was stabilized by use of an electronicgtacked loop (PLL) using a double
balanced mixer[[I31]. The timing-jitter of optical pulsesspect to a reference clock was re-
duced to less than a picosecond (rms jitter of 0.3 ps in thgu&ecy range from 0.25 Hz to 25
kHz) by use of Né" oscillators [I3R]. Further reduction of timing jitter washéeved by use
of a self-mode-locked Ti:sapphire oscillator (150 fs (200 Hz) and 80 fs (5005000 Hz))
[[34]. Two picosecond oscillators were synchronized wittiining jitter of 20 fs and applied
to a time-resolved anti-Stokes Raman scattering measutdfif®j. We have chosen an elec-
tronic PLL repetition-rate stabilization for pump-seedh@lyronization in our OPCPA system.
At the same time or after our demonstration, this scheme &as kecognized as a pulse syn-
chronization method for picosecond OPCPA systdmd [[L38,[3]], Fig.[2.V shows a detailed
synchronization scheme. See Secfioh 2.6 for details atsmiltators, an amplifier, and an OPA
and Sectiof 2] 7 for a stretcher. A synchronization unit &eldeon a PLL electronic circuit by use
of a double balanced mixer and stabilizes repetition raté® oscillators, an actively mode-
locked Nd:YVQ, used for a pump seed and a Ti:sapphire used for a OPCPA seedcréase
the precision of repetition-rate lock, actually, we lockoath harmonics of the repetition rate
frequency. We checked its timing precision by the crossetation between the oscillators based
on sum-frequency generation. The Ti:sapphire oscillaitsgs are not intentionally stretched in
time. The cross-correlation trace (B) and the autocormidtiace of the actively mode-locked
Nd:YVO, oscillator (A) are shown in Fig[_4.8. The pump oscillatorgsuburation of 62 ps
deconvolved from the 87-ps-wide autocorrelation tracd emresponds to the cross-correlation
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Figure 2.7: Scheme of synchronization of picosecond puntpsaed pulses in the OPCPA
system by use of a PLL. Master clock:, synchronization uRitL electronic circuit using a

double balanced mixer, stretcher: seed pulse stretchmrtprihe OPA stage, amplifier: Nd:YAG
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Figure 2.8: Autocorrelation of pump pulses and cross-tatioe between the synchronized
pump and seed pulses. (A): autocorrelation trace of theedgtinode-locked Nd:YVQ oscilla-
tor. (B): cross-correlation trace between the Nd:Y,Mi3cillator and the Ti:sapphire oscillator.
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width of 60 ps. Because this method does not provide enouglspye necessary of an OPCPA
application, another methoff T335] is used to determinentinjitter more precisely. The short
pulse from the Ti:sapphire oscillator is placed at half peaithe long picosecond pump pulse,
where the slope of the pump pulse is steepest, and the flimiwatsum-frequency intensity is
measured to estimate the timing-jitter. Of course this m@ttequires a stable oscillator but can
determine the worst possible value of timing-jitter. Theadted value of timing-jitter in short
term is less than 4.5 ps, which is less than 10% of the pumpe mlusation. Details about this
measurement can be found in R¢f. J1139]. During this measurewe found a long term timing
drift, which is attributed to a double balanced mixer emplbyn our PLL circuit. The double
balanced mixer has critical disadvantages such as thetmaalepshift and phase noise affected
by an amplitude noisdg TIB2]. These drifts change the reatiming of pump and seed pulses
in time scale of an hour. Later this effect will be solved by wud the optical synchronization
between pump and seed pulses, which was developed aftarehisnfrared OPCPA system.
Details about optical synchronization will be describe€maptefB. A comparison between the
electronic and optical synchronizations is summarizedppeéndix[B.

2.6 Broadband near-infrared OPCPA

First we describe NOPCPA using BBO and a Ti:sapphire seed ptristetsed in SF57 glass
blocks in order to investigate the characteristics of a mpateac amplifier. The layout of our

60 ps, 50 mJ,
20 Hz, 532 nm
B.S « ISHGle Flash Lamp pumped
<> h ) Nd:YAG amplifier
N -
3 Nd:YVOgy
pump oscillator
/ dl
e
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1st BBO 10mJ Synchronization
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I
< il —
<« ] o\ 40 My 20 cm SF57 (¢ Ti:sa oscillator
8mJ 2ndBBO m
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Figure 2.9: Layout of the NOPCPA system with the bulk stretciPL: phase-lock loop for
oscillators’ repetition-rate lock; RTP PC: RTP Pockels;c8HG: second-harmonic generator
(type | phase matching KIP?); B.S.: beam splitter.

NOPCPA system with the bulk stretcher is presented in Fig. Zi¢e home-made broadband
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Ti:sapphire oscillator has been employed as the seed sturtiee parametric amplifier. The
repetition rate of the Ti:sapphire seed laser is locked &b ¢ an actively mode-locked 60-ps
Nd:YVO,4 pump oscillator by use of a PLL electronics. Relative timiregvizeen these oscilla-
tors’ pulses is stabilized to less than 5 ps. Details abaugtiive synchronization of the pump
and seed pulses are described in Sedtigh 2.5. The pulsegHeopicosecond Nd:YV@pump
oscillator are amplified to 100 mJ at a 20-Hz repetition rata iflash-lamp-pumped Nd:YAG
amplifier (EKSPLA). 50-mJ pump pulses at 532 nm for the OPCPg#tesy are obtained by
frequency-doubling the output from the Nd:YAG amplifier irtyge | phase-matching K
crystal. The seed pulses for OPCPA from the Ti:sapphire latmit are temporally stretched
by 20-cm-long propagation in the SF57 blocks. The seedep@getition rate is reduced to 20
Hz from 76 MHz by a RTP pulse picker, otherwise the 76-MHz spealdes from the oscilla-
tor would be too powerful for any measurement of the low-tiijp@-rate amplified pulse. The
SF57 blocks and the RTP Pockels cell temporally stretch ¢lee pulse to about 50 ps (700 -
1000 nm) to achieve both good efficiency. The seed beam idlireated by a pair of concave
silver mirrors to have good spatial overlap with the pumpnbed a first OPA stage. 3-mm-
and 4-mm-thick AR-coated type | phase-matching BBO crystasiaed in the first and second
parametric amplifier stages, respectively. In the first #eplstage, the pump beam at the first
OPA stage has a 500m diameter by the recollimation of an amplifier output beanalpair of
positive and negative lenses. In the second amplifier stagegutput beam from the Nd:YAG
amplifier [I40] is relay-imaged from the second-harmonicegator to the OPA stage and colli-
mated down to 2.5 mm in diameter. The pump beam profile at t@nskstage is shown in Fig.
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Figure 2.10: Near-field beam profiles of the pump (A) at theosdcstage and of the amplified
seed (B) after the second stage.
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.10 (A). The pump beam sizes in the first and second stagetetamined by a compromise
between the gain bandwidth and the amount of gain. The usetlohraer crystal results in a
broader OPA gain bandwidth in exchange of a less [7tipagh a strong pump intensity,
which is limited by a damage threshold of optics, is necgstsaobtain a required gain in a thin
crystal. The pump intensities are set about 20 G\W/anthe first stage and 10 GW/émt the
second stage, respectively. Under these conditioBsingegral value by the XPM of the ampli-
fied seed pulse by the pump pulse is estimated to be 0.3. Tigedider nonlinearity refractive
index of the BBO crystal is available in Appendik E. The intémancollinearity angle between
the pump and seed beams is set at approximatetyf@rdoth stages to provide broadest gain
bandwidth. The corresponding external angle is about 3.7
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Figure 2.11: Schematics of two possible beam geometrie<ORA tangential phase matching
(TPM) (left) and Poynting-vector walk-off compensation/fRC) (right).

There exist two possible beam geometries in NOPA, both oflvvie have tested, illustrated
in Fig. 2.11. Their difference is the seed-beam propagaticection relative to an optical axis
of a uniaxial crystal and the pump beam directipr [83]. In gatize uniaxial crystal, the direc-
tion of a pump wave vector lies between the direction of a p@oynting vector and the optical
axis [99,[8B]. Tangential phase matching (TPM) is the beaonwmry where the direction of
a signal beam lies between a pump beam and the optical axis.offter geometry is called
Poynting vector walk-off compensation (PVWC). Experimegta TPM configuration resulted
in a higher gain and a more efficient OPA operation and, intanfdiless second-harmonic gen-
eration (SHG) of an amplified seed. This is because an angheba the propagation direction
of the amplified seed and the optical axis i’ 26 that the SHG of the amplified seed cannot
be phase-matched in this direction. Phase-matching af@l&HG of 800 and 900-nm lights
are about 29and 26 in the case of type | phase-matching BBO, respectively. Inreshto
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the TPM geometry, the PVWC configuration leaded to less gathth@ generation of strong

blue radiation (second-harmonics of the amplified seedlsethe angle of the amplified seed
beam direction from the optical axis is close to 26<2%vhich are the phase-matching angles
of near-infrared radiation. Figl_ZJ]12 shows the photografpsuperfluorescence generated by
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flow direction
(Walk-off)
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Figure 2.12: Photograph of the superfluorescence and sticgtoatration of the pump, signal,
and idler beams in the TPM geometry and the optical axis of BBO.

strong 532-nm pumping pulses. The TPM beam geometry usedriexperiment is also illus-
trated correspondingly with the photograph. The strongliggd indicated by (A) in Fig.[2.12
should be closer to the optical axis than the strong blud tigiection indicated by (B) in Fig.
P.12 because of the SHG phase-matching condition abovdanedt Fig.[2.7]2 (C) shows the
second-harmonics of the idler. In this picture, the strorsggerfluorescence is observed in the
direction (A) and this also indicates that the efficient afrgrloperation is possible when a seed
beam is sent into the direction (A). With the TPM geometrg #mplified pulse energy from
the first stage is obtained up to 25, which is 2.5 times more than 1Q0) output energy
obtained with the PVWC geometry. The 250 output energy corresponds to the OPA gain
of about 25 x 10°. We checked high energy contrast between the generatedlsopescence
(uncompressible parametric noisg)][§3], 40] and the amghlgfee=d output at the first stage. The
diverging output beam from the first OPA stage is collimatgalcurved mirror (not shown in
Fig. [2.9) and sent to the second OPA stage. The lower pumpsiityeat the second stage than
at the first stage resulted in the gain of 30 and the signakpsilamplified up to 8 mJ with a 40-
mJ pump pulse. The low gain is favorable to increase the ¢eimreefficiency as discussed in
SectionI.B. Amplified superfluorescence has the energy af®imen the seed beam is blocked.
Onset of the seed pulse reduces the amount of the superfieacesso that the output pulse can
have more than 5 mJ. When the signal beam path between thedgst and the second stage
is blocked, we do not observe any superfluorescence fromettend stage. Therefore, it can
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be concluded that the superfluorescence is generated arebsively amplified in the first stage
and further amplified in the second stage. The amplified seathtprofile is shown in Fig. 210
(B). The cause of modulation in the beam profile can be atethtt the consequence of cumu-
lative nonlinear effects, space-dependent saturati@tedfs shown in Figl_1.6, and/or the little
modulation of the pump beam profile. The ellipticity of theliired seed beam results from
different phase-matching tolerances in the horizontal \atical planes[[141] 84, 142]. The
measured spectra of the seed (red line) and the amplifiedserdhe second stage OPA (black
line) and the calculated BBO gain spectrum (blue line) aretgdioin Fig.[2.18. The amplified
spectrum is well consistent with the overlapped region betwthe calculated BBO gain and the
oscillator spectra. The short-wavelength cut-off of thephfied spectrum is due to the phase-
matching condition of NOPA pumped by the second-harmoniics d:YAG laser. The long
wavelength cut-off of the amplified spectrum around 1000 smue to lack of the Ti:sapphire
oscillator spectrum. Energy conversion efficiency of a peataic amplifier stage is an impor-
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Figure 2.13: Spectra of amplified seed (black line), seed lfre), and calculated gain (blue
line) with the bulk stretcher. Inset: Transform-limitedgeiprofile calculated from the amplified
spectrum assuming a flat spectral phase. This pulse has rtégoduof 6.2 fs (FWHM).

tant issue in a high-energy OPCPA system. The pump-to-segrexgy conversion efficiency in
the first and the second stage is summarized in [Fig] 2.14 (&)B) respectively. Notice that
constant conversion efficiency means that an amplified seguibis proportional to an pump
input energy. Therefore the stability of the output enesgghe same as that of the pump energy.
With the Gaussian temporal and spatial beam profile of thegyqutse, the peak pump-to-signal
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conversion efficiency in the second stage reaches 27%][(Hig.(B)). At the maximum conver-
sion efficiency, the energy stability of the amplified pulséer the second parametric stage is
measured to be 2.9% rms, whereas the pump energy stability%s rms.
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Figure 2.14: Conversion efficiency in the first stage (A) areddbcond stage (B).

In summary, we demonstrated the ultrabroadband high-gNEd CPA system. This system
employs a broadband chirped pulse as a seed, the high-efneggyency-doubled output from
the Nd:YAG amplifier as a pump, and the BBO crystal as an amphfiedium. The efficient
operation of the parametric amplifier is demonstrated asadlt®in the 8-mJ broadband ampli-
fied output pulse obtained with the 40 mJ pump pulse. The laadi amplified pulse has the
potential bandwidth, which could support generation ofutieashort pulses with the duration
of 6.2 fs assuming a flat spectral phase. As a result, fronetegseriments, terawatt-class laser
pulse generation would be possible with an appropriateepsti®tcher and compressor. In the
next section, we will describe few-cycle pulse generatiasdal on broadband NOPCPA with an
inverse stretcher and compressor pair.

2.7 Few-cycle terawatt-class optical pulse generation by use
of OPCPA

In this section, we introduce a pair of a novel down-chirpidse stretcher and an up-chirping
pulse compressor in the NOPCPA system described in the lesbrseén order to achieve the

amplification of few-cycle high-energy pulses. The dowirqmhg stretcher gives negative dis-
persion to seed pulses prior to the parametric amplifier. didven-chirped amplified pulses are
temporally compressed by the up-chirping pulse compre&iaained high-energy pulses from
the NOPCPA system are characterized by spectral phaseeirtterétry for direct electric-field

reconstruction (SPIDER][I#8, 144]. The generation of higknsity ultrashort pulses always
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accompanies the use of the chirped-pulse amplification (G&&t)nique [[[7], otherwise high-
energy ultrashort pulses would suffer from the damage ats@nd severe nonlinear effects.
The invention of CPA[[[7], which used a fiber stretcher and a Gyegating compressof [I45],
has been followed by many stretching and compression scheangositively chirping grating
stretcher[[146] and a grating compres$pr [8], a quinticsphianited pulse stretcher and a grating
compressor[J[147], an all-reflective stretcher and a gratimgpressor[[148], a stretcher based
on anOffner type magnification systerfi [149, 150, [151] and a ggatiompressof[154, 1p3],
and additional adaptive optics to a standard grating $teetand compressor supporting sub-
20-fs spectral bandwidtt TIp#, 7195, 156]. So far the shopakse duration of 8.9-fs has been
achieved by the recompression of 300-ps stretched pulsbgive help of adaptive optids[707].
However the recompression of 50-ps stretched pulses dofewtéemtoseconds has not been
demonstrated yet even with adaptive optics, a gratingcsteet and a grating compressor. Re-
cently a novel CPA technique by use of a pair of a down-chirgingtcher and a up-chirping
compressor, which is opposite to a pair of a up-chirpingster and a down-chirping compres-
sor used in the standard CPA technique, has been used in thduger Ti:sapphire amplifier
system [I57[ 138]. As mentioned in Ref. T157], this inverse Q&dwn-chirped-pulse amplifi-
cation) technique is quite suitable for the stretching awbmpression of extremely broadband
pulses because a seed pulse with a broadband spectrum casilpeietched to several tens of
picosecond by the small amount of chromatic dispersionoimdchirped-pulse amplification, a
seed pulse is negatively chirped using a grating stretef@paa prism pair prior to an amplifier.
Amplified stretched pulses from the amplifier chain are rgqu@ssed by positively dispersive
materials such as SF57, SF11, and fused silica. An advanfaa®up-chirping compressor is
the high transmittance (close to unity) of broadband anedifiulses through a compressor.
The pulse stretching and compression scheme used in tréfogevent is illustrated in Fid. 2.15
(A). The seed pulse from the oscillator is negatively chirfyy a grating-based stretcher and
sent into an acousto-optic programmable dispersive fibazgler, Fastlite), which will be used
later for correction of a residual phase measured with a ERIBpparatus. After the paramet-
ric amplifier, the stretched amplified pulse is recompre$sed sequence of dispersive optical
materials, SF57 and FS, and custom-made designed positigglersive chirped mirrors. Fig.
2.15% (B) plots group delays given by dispersive componeh&sas-mm-long Te@(black line),
BBO crystals used (red line), the 150-mm-long SF57 (gree,lthe 100-mm-long fused silica
(blue line), and the grating-based stretcher (light bldé)e group delay of the stretched pulse
in the amplifier (pink line) is also shown in Fifl. 2115 (B). Thedractive indices of BBO, Te&)
SF57, and fused silica are available in Apperidix A. In theiggestretcher, shown in Fig. Z]16
(left photograph), the seed beam is dispersed by a 900-gsabansmission grating (Wasatch
Photonics) and collimated by a parabolic lens (f=80 mm) t&ere Fourier plane at the focus
of the lens where a micromachined fused silica plate is tederThe fused silica plate corrects
for higher-order spectral dispersion given in a compresbain (mainly 3rd-order dispersion
later given by the glass compressors). Hig. ]2.16 (B) plotsrtpet seed spectrum (black line),
the measured seed spectrum behind the stretcher (redtheejalculated transmitted seed spec-
trum behind the stretcher (blue line), the single diffratefficiency of the transmission grating
(green dashed line), and the four-times diffraction efficieof the grating (orange dashed line).
Although the shape of the seed spectrum was dramaticadisealafter the stretcher, 50% energy
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Figure 2.15: (A): Stretching and compression scheme anédbek system from a SPIDER
apparatus to a Dazzler. OPA: Noncollinearly phase-matopéidal parametric amplifier using
BBO; SPIDER: spectral phase interferometry for direct eledtald reconstruction; Dazzler:an
acousto-optic programmable dispersive filter (Dazzlestla). (B): Group delay of components
in the stretcher and compressor of the NOPCPA system. Grday dea 45-mm-long Te®
(black line), BBO crystals used (red line), a 150-mm-long SEgéen line), a 100-mm-long
fused silica (blue line), a grating-based stretcher (llght), and a group delay of the stretched
pulse in the amplifier (pink line).

transmittance is achieved and The necessary seed spedirtime parametric amplifier remains
after the stretcher. The Dazzler made of a 45-mm-long,Téiffracts an input pulse through the
interaction between an optical wave and an acoustic [&D]. A monochromatic input
optical wave polarized along one of two optical axes is didfed by an acoustic wave in TeO
to another optical wave polarized along the other axis, waheartain phase-matching condition
is satisfied by the acoustic wave. Each monochromatic waeebwbadband pulse propagates
with different time determined by the position where thdrdiftion occurs in the Tefcrystal
because of the different refractive indices along the twesaxTherefore, arbitrary dispersion
can be given to an optical pulse by a programmable acoustie.wéhe arbitrary control of a
spectral phase of optical pulses has been demonstratecebyf udtrashort laser pulsep [161].
A disadvantage of the Dazzler is its low diffraction effiaigrof about 10% in our case of the
300-nm-wide band input pulse. The NOPCPA system, whose tagahown in Fig.[2.17, is
slightly modified from that described in the last sectiorcsitthe input seed energy is reduced
substantially after the stretcher and the Dazzler to lems 596 of the pulse energy obtained from
the oscillator. 50-pJ seed pulses behind the stretchertr@enbdzzler can be used as seed pulses
for the first OPA stage (3-mm-thick AR-coated type | phaseetmag BBO). After first-pass
amplification in the first stage, the retro-reflected amplifi@lse is amplified again in the same
crystal by the residual retro-reflected pump pulse and theltent 250pJ amplified pulses are
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Figure 2.16: (A): Photograph and illustration of the downrging stretcher. TG: 900-grooves
transmission grating; PL: parabolic lens (f=80 mm); MP: maroachined plate. (B): Transmit-
tance of the grating and the stretcher. Input seed spectilatk(line), measured seed spectrum
behind the stretcher (red line), calculated transmittextl spectrum behind the stretcher (blue
line), single diffraction efficiency of the transmissiorating (green dashed line), and four-times
diffraction efficiency of the grating (orange dashed line).

ejected from the first stage. In the second parametric amifage (4-mm-thick AR coated type
| phase-matching BBO) following a beam collimator of the arfingadi beam from the first stage,
two-pass amplification in the second stage boosts the pokgyefrom 250 to 5 mJ. The 5
mJ output was limited by the onset of uncompressible ASFclvis more prominent than in the
previous amplifier chain because of the reduced seed ené€hgybeam distortion of the input
seed in the stretcher also contributes to loss of the effesged energy. The obtained amplifica-
tion results in the NOPCPA system using the grating stretafesummarized in Fig. 218. The
Fourier transform of the amplified spectrum, assuming a flatsal phase, results in the pulse
duration of 7.3 fs. The narrower amplified spectrum can lyébated to gain narrowing accumu-
lated during longer propagation length in the parametiystals and the narrower spectrum of
the seed pulse after the pulse stretcher. The energy statill the mode profile of the amplified
pulse are not changed dramatically from the previous residtained with the bulk stretcher.
Because of twice long propagation length in BBO crystals coet#w the previous OPA ex-
periment using the bulk pulse stretcher, the total estichBtentegral is about 0.6. After the
parametric amplifier, the amplified output beam was expat@l8am in diameter (FWHM) and
sent into a compressor chain consisting of the 15-cm-lorg/ $ffass (Schott), the 10-cm-long
Suprasil glass (Heraeus), and a set of three custom-made/@atspersive dielectric chirped
mirrors. This stepwise pulse compression reduces pulsertiis by nonlinear effects inside
the bulk materials. Fig[ 2.19 (A) plots the pulse duratioasfted line) during compression in
the bulk compressors and the calculaBeohtegral (solid line). The amount of tH&integral in



2.7 Few-cycle terawatt-class optical pulse generation byse of OPCPA 41

60 ps, 50 mJ,
20 Hz, 532 nm
B.S Flash Lamp pumped
«— SHGle p pump
4_:|_> A Nd:YAG amplifier
\
,%\ Nd:YVOg4
pump oscillator
Y4 <
{ — 50 ps, 100 pJ
N n—m1 ] i i

\

| bl I PLL

\/"'/15t|B]BO 10y Dazzler Synchronization
200 pJ :
ij 70ps, 1nJ
| ~ ( Grating-based ) )
v 40 m pulse stretcher l4— Ti:sa oscillator
5fs, 2 nJ, 76 MHz i

Verdi V5

2nd BBO

5mJd

15cm 10cm Positive chirped
SF57 FS mirrors

FK)% \M SPIDER
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the compressor chain for the 5-mJ amplified pulse is estonaééow 0.45. Therefore the esti-
mated totaB-integral in the NOPCPA system is about 1. Hig. .19 (B) showsgtioup-delay
dispersion of the specially designed up-chirping dielectirror. The total measured loss in the
compressor chain is measured to be below 4%. After the daNimation of the output beam
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Figure 2.19: (A): Pulse duration (dashed line) in the corepoe and the B-integral (solid line)
accumulated in the bulk materials (calculated using 20 cr8FB7 and 11 cm of FS for the
worst case scenario). The energy and the duration of theifeedgbulse are 5 mJ and 50 ps for
this calculation, respectively. (B): Measured group-delspersion of the up-chirping dielectric
mirror.

from the compressor chain, the compressed pulse is charactdy the home-made SPIDER
apparatus[[143, 144]. Using the feedback from a SPIDER tiedigbersion controlled by the
Dazzler compensates a residual phase of the amplified pul$esexample of the feedback is
demonstrated in Fig 2.0 (A) and (B). Fig. 3.20 (A) shows thecsjal phases of the amplified
pulses before the feedback (black line) and after the feddpad line). Fig.[2.20 (B) shows
the amplified temporal pulse profiles before the feedbackckline) and after the feed back
(red line). The shortest pulse duration of 9.6 fs (FWHM) hasrbebtained and the SPIDER
measurement results are summarized in Fig.] 2.21. [Fig] 2p&hows the measured SPIDER
trace. Fig.[2.21 (B) shows the seed spectrum behind the tstre(black line), the amplified
spectrum (red line), and the retrieved residual group d@daue line). Fig.[2.21 (C) shows the
reconstructed pulse with the duration of 9.6 fs (FWHM) (blhck), the transform-limited pulse
with the duration of 7.3 fs (FWHM) (red line) calculated froheetamplified spectrum assuming
a flat spectral phase, and the retrieved residual tempoagkpfblue line). The shot-to-shot varia-
tion of the pulse duration and the spectral phase has beenvelisand could be attributed to the
pulse-to-pulse change of accumulated nonlinear phase lataduin time and space caused by
the pump pulse intensity fluctuation and/or timing-jittetween the pump and seed pulses. The
intensity fluctuation of the pump changes a nonlinear phagsa dgn the BBO parametric ampli-
fiers and the successive compressor chain. A single-shet ghlaracterization device such as a
single-shot SPIDER 162, 163] and a GRENOUILLE (Swamp Optigsuld help to investigate
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Figure 2.20: Optimum pulse compression by the feedbaclesysising the Dazzler and the
SPIDER. (A): Spectral phases before the feedback (black éind after the feedback (red line)
and (B): reconstructed temporal profiles before the feedffalekk line) and after the feedback
(red line).

shot-to-shot variations of an output pulse duration anceatsal phase[[164].

In summary, we have achieved the generation of more thate@abatt (5 mJ, 9.6 fs) optical
pulses by use of NOPCPA with the unique pulse stretching antgpoession technique. Be-
cause of the absence of thermal load on the nonlinear optigsial, the demonstrated concept
is scalable both in an output energy and a pulse repetitittn réhe limitation of output en-
ergy would be determined by an available aperture size ofimear crystals. Although current
highest peak-intensity is achieved by our colleag{ieg [1ib§ work was the demonstration of
the highest-peak intensity optical pulse generation dttthee and opened the way toward not
only the generation of few-cycle high-peak-intensity Aedrared pulses but also the genera-
tion of few-cycle infrared OPCPA pulses which will be desedHater in virtue of wavelength
tunability of an OPCPA approach.
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Figure 2.21: SPIDER results of the near-infrared few-cyelawatt-class optical pulses from
the NOPCPA system. (A): measured SPIDER trace. (B): measumgiifeed spectrum (red

line), seed spectrum behind the stretcher (black line),rasdlual group delay (blue line). (C):
reconstructed temporal pulse profile with the duration 68 (FWHM) (black line), transform-

limited temporal pulse profile with the duration of 7.3 fs (FWMH(red line), and residual tem-
poral phase (blue line).



Chapter 3

Optical synchronization between the pump
and seed pulses in an OPCPA system

3.1 Introduction

In this chapter, we describe the demonstration of a novelpeseed synchronization scheme
in an OPCPA system. This synchronization method is achieyed bingle ultrabroadband
Ti:sapphire oscillator, which seeds both an OPCPA pump kseéan optical parametric ampli-
fier. The Ti:sapphire oscillator is modified to have a widexcpm reaching beyonddm. We
build a diode-pumped high-repetition-rate Nd:YLF amptifeetest its seeding with a Ti:sapphire
oscillator. The Nd:YLF regenerative amplifier is carefudlyaracterized and an intracavity etalon
is introduced to control the pump pulse duration to makeitable for our OPCPA application.
This scheme has a potential for the optical synchronizatfaihe pump and seed pulses in an
OPCPA system because the method only relies on light pulgesuwtiany electronics. We also
discuss about issues of residual timing jitter and drifnroatically synchronized amplifier. This
amplifier is applied to a few-cycle near-infrared OPCPA systexperimentally demonstrating
the usefulness of the optical synchronization in an opaoaplifier. This scheme realizes a re-
liable and simple synchronization technique, resultinthendevelopment of an experimentally
applicable OPCPA system.

3.2 Advanced pump pulse synchronization methods

In the previous near-infrared OPCPA system described in @h@ptve used the electronic PLL
to stabilize two oscillators’ repetition rates and, theref the timing between the pump and seed
pulses at the parametric amplifiers. However the OPCPA syge&farmance was affected by a
long term timing drift, which comes from a phase drift in a dmibalanced mixer used in the
PLL circuit. These effects cause a long term timing drifthie time scale of an hour. However,
to build a usable OPCPA system for spectroscopic applicstibis issue has to be solved.
There exists a novel synchronization method using a dighalke detector for a electronic
PLL [L68]. This type of a PLL without using a mixer is potefifansensitive to thermal drift
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and the amplitude drift and noise of laser oscillators. hignitter of less than 20 fs (25 mHz

10 kHz) was demonstrated by use of a PLL electronics usingitatiphase detector. However,
this system is fairly complex and its long-term stabilitysheot yet been proven, whereas such
tight synchronization precision is superfluous. Even wigjorous cavity synchronization of the
two master oscillators in an OPCPA system, the actual pure@{sming at the nonlinear crystal
is affected by the thermal expansion of the beam path lenttle. beam path length can reach
many tens of meters in a typical regenerative or multipagsifier, which results in the timing
drift between the pump and seed pulses by hundreds of feottods.

We have found three possible candidates for the pulse synization in an OPCPA system.

K. Finsterbusctet al. [[l67] employed an OPO as a frequency converter device of gppum
oscillator to generate new radiation used as seed pulsesdptecal parametric amplifier. They
used the half of an output from ajim master oscillator as a pump pulse and the other half to
pump an optical parametric oscillator generating new tamharound 2um to be used as a seed
pulse in the parametric amplifier.

H. Zenget al. [[L6§] demonstrated the generation of synchronized seeskptibr a pump
amplifier by use of OPA. The pump amplifier was seeded with deetond idler pulses of an
optical parametric amplifier pumped by femtosecond pumerlpsises, which parametrically
amplified and created femtosecond pulses from a CW seed laser.

C. Y. Teisset, the author, and othelrs [169] demonstratedehergtion of seed pulses for a
pump amplifier using a soliton self-frequency shift phenoafL70] in a photonic crystal fiber
(PCF) [I71]. A frequency-shifted radiation around 1064 nns whtained from the PCF injected
by a portion of a Ti:sapphire oscillator output pu[se]178Hahe resulting frequency-shifted
radiation was amplified up to sub-mJ level in a diode-pumpddvNG regenerative amplifier.
Later not only the frequency-down-shifted radiation bsoarequency-up-shifteGerenkov ra-
diation was used as a seed source for an OPA syster [173].SEhef trequency conversion in
a nonlinear process is a promising way for tunable seed e@eneration. However its energy
instability and sensitivity to alignment might restricetperformance of an amplifier.

In the next section, thanks to an extremely broadband Tpise@ oscillator, we demon-
strate the direct seeding of a Nd:YLF regenerative amplifan a home-made ultrabroadband
Ti:sapphire. With this scheme we establish all-opticakpudynchronization for amplifier sys-
tems including an OPCPA. We investigate performances of ith& N- amplifier and discuss
about issues in this seeding method.

3.3 Seeding of a Nd:YLF amplifier with a Ti:sapphire oscilla-
tor

In this section, we describe the development of a home-mat¥L¥ regenerative amplifier
and the seeding of the regenerative amplifier with a broadif@sapphire oscillator. The way
to control the pump pulse duration is proposed and expeteatigrdemonstrated by use of an
etalon in the regenerative amplifier cavity.
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Broadband Ti:sapphire oscillator

A key tool for optical synchronization is the broadband djaghire oscillator , whose spectrum
needs to cover the wavelength range from 700 to more than A®D0This is because, high-
energy picosecond pulse amplification is possible by used3f Mloped host materials, which
have their emission line beyond 1000 nm.

Ti:sapphire has been known as a widely tunable solid-séeter Imedium[]3[]5,]4]. In the
1990s, Ti:sapphire has brought revolutionary advancessirIphysics and ultrafast optics. These
progresses include a continuous wave lasing operdtiofj,[lfrashort femtosecond laser pulse
generation from oscillatorg [1]75, 176, 177, ]1[8,]1[79] 18@Gjbded by wide-spectral-range dis-
persion control by use of a prism pajir [1§I, 1§Z,]183]. A nelfrs®de-locking mechanism,
Kerr-lens mode-locking, has enabled simple and reliabkratpn of the generation of ultra-
short laser pulses from a solid-state laser oscilldtor],[18%,[18b[ 187, 188]. Another invention,
chirped multilayer coatings (chirped mirrof) [34], capabF ultra broadband dispersion control
has pushed the limitation of the duration of Ti:sapphirdltzdor pulses to the sub-10 fs regime
[L89,[I90,[T91] I92]. Further advance in the designing amddation technique of chirped mir-
rors enables simultaneous oscillation in the whole emisBandwidth of Ti:sapphire, resulting
in few-cycle laser pulse generation from laser oscillatitheut external spectral broadening
[[93,[194[ 195, 196]. These ultrabroadband Ti:sapphirdlawes can have its spectrum beyond
1000 nm and make possible the direct seeding of'Namplifiers from a Ti:sapphire oscillator.
In this demonstration, we use our home-made ultrabroadpesch-less Ti:sapphire oscillator
[[98]. In addition, the use of a broadband Ti:sapphire t&oil with megahertz-repetition-rate
CEP stabilization[[I95][ T97, 19B, 199] permits further gintfiorward amplification of CEP-
controlled pulses in a kilohertz-repetition-rate OPCPAeys[103,[136].

Nd:YLF regenerative amplifier

For a home-made diode-pumped laser amplifier used as an OP@RA gpurce, we have cho-
sen Nd:YLF as a gain medium from several®Nedoped host materials (Nd:YAG, Nd:YLF,
Nd:YVOy,, and Nd:glass). Nd:YLF has several advantages over oth&r-Ndped host materials
such as

1. Natural birefringence (uniaxial crystal)

2. Weak and negative thermal-induced lensing effect|[20q, [202]
3. Long fluorescence lifetime (5Q0s) [203]
4

. Low stimulated emission cross sectien1.8 x 10~ 1° cn? (1, c-axis, 1047 nm) and.2 x

10~19 cn? (11, a-axis, 1053 nm){T204, 2P0]
5. Moderate thermal conductivity (0.06 W/cm/K, two times &wvthan YAG).

At the same time, Nd:YLF has several disadvantages suchaggitfr and low pump power
fracture limit, low single-pass gain, long population detiane from a terminal lasing level to
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the ground statd [2D%, 206], excited-state absorption serlavavelengthg [2DT, 202], and the
difficulty in crystal growth, cutting and polishing process[Z0B]. Weak thermal lensing and
natural birefringence are quite attractive in spite of salvdisadvantages. The weak thermal
lensing simplifies the design of a regenerative amplifieitgand its compensation. The nat-
ural birefringence suppresses thermal-induced depal&siz, which is typical in a high power
Nd:YAG amplifier and effectively reduces the usable enelgi?*-doped YLF has different flu-
orescence emissions along a-axis and c-axis (optical axi€)53 nm and 1047 nm, respectively.
In this experiment, because of the weaker thermal lensimgged-axis (1053 nm), the 1053-nm
fluorescence line has been chosen for the development okaergive amplifier.

Q-switch operation of the amplifier cavity

Picosecond pulse amplification based orfNdoped host materials has been extensively investi-
gated from 1980s both in a multipass ampliffer J209] and amegaive amplifie[21d, 211, 2112].
Current technologies required for picosecond pulse amgliin have been well established and
even a picosecond amplifier is commercially available. €foee we describe briefly the devel-
opment of the Nd:YLF regenerative amplifier. Fjg.]3.1 ilhases the layout of the home-made
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Figure 3.1: Layout of the home-made Nd:YLF regenerativeldmpwith the Ti:sapphire seed-
ing scheme. OPCPA: near-infrared optical parametric ctipdse amplifier; BS: broadband
50% beam splitter; L1, L2: mode-matching lensgs & 100 mm, f» = 50 mm); Fl: Faraday
isolator; TFP: thin-film polarizerA /2: half-wave plate; FR: Faraday rotatdr/4: quarter-wave
plate; PC: KDP Pockels cell; ND:YLF: continuous-diode-pumped Nd:YLBdehead; MS:
mode selector (pinhole); HR 1: 100% high reflector (radiuswivature =w); HR 2: 100%
high reflector (radius of curvature = 1500 mm); SHG: secoadvlonic generator (10-mm-long
type | phase-matching LBO); DM: Dichroic mirror reflectingcead harmonics at 527 nm and
transmitting fundamental radiation at 1053 nm.



3.3 Seeding of a Nd:YLF amplifier with a Ti:sapphire oscillata 49

Nd:YLF regenerative amplifier with several optics necegsarutilize a weak seed pulse. A
laser crystal, 63-mm-long 3-mm-diameter a-cut Nd:YLF iednounted in a continuous-diode-
pumped gain module (model RD40, Northrop Grumman Cutting Ejgfeonics). The thermal-
lensing focal distance of the diode-pumped rod is measorbd from—2 to —5 m dependent on
the pump power. A single-pass gain of about 1.5 is obtainedpatmp level above which YLF
rods were cracked. The weak thermal lens allows a relatsieiple cavity comprising one con-
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Figure 3.2: Eigenmodes of the Nd:YLF regenerative ampldatity with three different thermal
lenses.

cave mirror and one flat high reflectors separated by 1.38 nal@utated cavity eigenmode for
three focal distances of the thermal lens are shown in[F&j.ir&luding the effect of propagation
in the long YLF rod and the thermally induced lensing effge},[69]. The calculation confirms
the stable operation of the regenerative amplifier withedéht thermal lensing focal distances
from —2 to —5 m. The AR coating on the Pockels cell crystal is found to leewkakest against
the optical damage and, therefore, it is placed close touhesd HR side where the beam size
is the largest. Under this condition, after the 400-ns-lopgning of the regenerative cavity,
ejectedQ-switched nanosecond pulses have the energy of above 3 nkHat I'he evaluation
of the output power and energy with respect to the saturditi@mce and power of Nd:YLF and
a formula for the estimation of the effective power and epéngthe regenerative amplifier are
described in Appendii]|C.

Seeding of the regenerative amplifier

A standard oscillator-amplifier system is seeded with tHeepanergy of more than a nanojoule
from an oscillator. In this case, amplified spontaneous goms(ASE) would not be a problem
because the strong seed could be amplified to the requiregyenghout producing a noticeable
amount of ASE. However, in our case, the quite low pulse gnargund 1053 nm is available
from the Ti:sapphire oscillator whose spectrum is shownim F3-3(A). The reason is that
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the Ti:sapphire oscillator pulses have a weaker specttahgity at 1050 nm than the central
wavelength and the spectral intensity itself is not stroegaose of its wide spectral breadth.
The regenerative amplifier has to be seeded carefully weghwibak pulse and characterized
because the competition between amplification of the seddA&E might result in a useless
amplifier operation. A spectrum after a 10-nm-wide intexfere filter at 1050 nm is shown
in Fig. [3.3 (B) and this filter is used for estimation of the semérgy. A transmitted seed
power after the 10-nm-wide, 50%-transmitance interfeeefilter was about 38@W at a 76-

MHz repetition rate, from which the spectral intensity candalculated as 1.0 pJ/nm around
1050 nm. An effective seed energy, defined as the spectrah Wi {VHM) of the Nd:YLF

fluorescence (1.3 nm) multiplied by the spectral intenslty) (pJ/nm), is 1.3 pJ, which is 2-3
order of magnitude less than the usual seed energy. As seen j.], we used a mode-matching
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Figure 3.3: (A): Spectrum of the home-made broadband Tpisia@ oscillator (output power:
400 mW; repetition rate: 76 MHz). (B): Spectrum of the Ti:shipp oscillator after a 10-nm-
wide transmittance interference filter at 1050 nm.

telescope (L1 and L2) and a Faraday isolator (Fl) for the isgegrocedure. In addition, a
translation stage attached to one of the mode-matchingdeaitows the fine adjustment of the
seed beam divergence to match itself into the regeneratiygifeer cavity mode and increase
the coupling efficiency. The Faraday isolator was employegrotect the oscillator from the
feedback of the regenerative amplifier, which might causaitistable operation of the oscillator
and the cw emission in the mode-locked oscillator. With theeful seed beam alignment, the
1.3-pJ seed pulse was successfully amplified up to 3.7 mJ3&Fteund trips in the regenerative
amplifier. The maximum output pulse energy of 3.7 mJ is lichlig the average-power saturation
atthe 1-kHz repetition rat¢ [Z[L0, 21T, 212]. This fact casden in Fig[ 3]4 where an intracavity
pulse train (black line) and an output pulse (red line) ofKlteYLF regenerative amplifier are
shown. The single amplified pulse cannot be saturated by ltseause additional round trips
did not increase the output energy of the amplified pulse &ifted the whole pulse train by
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corresponding round trips. Details about the roll-off fireqcy between the power and energy
saturation are given in Appendp} C. The single-pass gainetthplifier operated at 1 kHz for
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Figure 3.4: Intracavity pulse train (black line) and outputse (red line) of the Nd:YLF regen-
erative amplifier.

a certain pulse is estimated to be dependent on the outprgyeoka 1-ms separated previous
pulse. Therefore high energy extracted from the Nd:YLF rgdhe previous pulse decreases
the gain for a successive pulse. This is a reason why the palisewas shifted when further
round trips were added. This is quite dangerous for the diepbperation, especially, at a
high-repetition rate because the first pulse after a longréeption of the injection seed will
be amplified more strongly than those in the stationary djmeraand might cause a damage
in the amplifier. Autocorrelation traces of the output pal$é®m the Nd:YLF amplifier are
measured with and without the etalon (a 0.8-mm-thick fusiechglate) in the amplifier cavity
and shown in Fig 3]5(A). As can be seen in Fig] 3.5 (A) (red)litree short pulses amplified in the
regenerative amplifier without the etalon have a ripple exttmporal pulse profile because self-
phase modulation caused by the intense short pulse rassjectral broadening, multiple-pulse
production, and self-compressidn [R09, 211]. Thereforstnetch the pulse during amplification
in the regenerative cavity by use of an etalon. Smooth araglfiulses with a duration of 26
ps assuming a Gaussian temporal pulse profile are obtairtadivel 0.8-mm-thick etalon. An
output temporal pulse profile is numerically simulated uithg the effects of etalon spectral
filtering and gain narrowing of Nd:YLF. An autocorrelatiat¢e shown in Fig[ 3.5(A) (green
line) is reconstructed from the simulated pulse. The sitedland measured autocorrelation
correspond well with each other. With this simulation, thisp duration can be predicted and
engineered arbitrarily with an appropriate etalon. An gsialof the etalon effect is described in
Appendix[. The insertion of the etalon results in a smoaodénew spectrum (Fig. 3.5(B) (black
line) ), which corresponds to a spectral resolution of ancapfrequency analyzer (AQ6315B,
Ando). The spectral width of the amplified pulse can be calea as 0.04 nm assuming the
chirp-free pulse, which is much narrower than the specasblution of the optical frequency
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(A) Measured AC trace with 0.8-mm-thick etalon (B) Output spectrum with 0.8-mm-thick etalon
Measured AC trace without etalon Output spectrum without etalon
Calculated AC trace with 0.8-mm-thick etalon Fluorescence spectrum of Nd:YLF
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Figure 3.5: (A): Autocorrelation traces with (black ling)dawithout the intracavity etalon (red
line) and a calculated autocorrelation trace (green li(i¢). Output pulse spectra with the 0.8-
mm-thick intracavity etalon (black line) and without thelen (red line) and a fluorescence
spectrum of Nd:YLF (green line). Note that a resolution & pectrometer is 0.3 nm.

analyzer. In Fig[3]5(B) (red line), an amplified pulse spautwithout the etalon is shown. This
broad spectrum, in contrast to the amplified pulse spectriiintiae etalon, indicates the spectral
broadening effect due to self-phase modulation in the N& Yad and KD P Pockelscell. With
the etalon, an estimatdgtintegral accumulated in the Nd:YLF rod and a K®Pockels cell is
7.4. Nonlinear refractive indices of YLF and KB are listed in AppendiX|E. To utilize the output
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Figure 3.6: (A): Near-field beam profile of second harmonb&7(nm) of the output pulses from
the Nd:YLF amplifier. (B): Histogram of shot-to-shot outpuiegegies of the second harmonics
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pulses from the regenerative amplifier as pump pulses farinfared OPCPA, a 1.6-mJ second-
harmonic pulse at 527 nm is obtained by frequency-doublng L0-mm-long type | phase-
matching LBO crystal. A near-field beam profile of second hamicwis shown in Fig[_3.6(A)
and has good quality because of the beam mode confined wighirthele (mode selector) in the
regenerative amplifier. The measured energy stability@fisé-harmonics is 1.33% rms because
of average-power saturation. Its histogram is shown in Bi§(B). Without the seed pulse into
the amplifier, theQ-switched pulse produces a 2@ second-harmonic pulse. Because ASE
would be suppressed with the onset of the seed injectioeaat, the energy of 1.4-mJ can be
assumed to be contained in the picosecond range. LaterctioB8.4, a pulse contrast in a
picosecond and nanosecond range will be measured and asagcsesed energy to overcome
the ASE will be discussed.

Conclusion

In summary, the weak seed pulses from the broadband Ti:seppécillator are successfully
amplified in the picosecond Nd:YLF regenerative amplifiersiant amplified pulses at 1053
nm have the output energy of 3.7 mJ at the repetition rate Bizld&nd the duration of 26 ps.
The smooth temporal profile and spectrum of the amplifiedgpaite obtained with the insertion
of the etalon in the regenerative cavity. The estimd@ddtegral accumulated in the Nd:YLF
regenerative amplifier is 7.4 with the intracavity etalomeTl.6-mJ, out of which the 1.4-mJ is
contained in the picosecond range, second-harmonic pwilegood beam quality and energy
stability of 1.33% rms were obtained by frequency-doublmthe LBO crystal.

This picosecond amplifier will be used as a pump source of éinally synchronized near-
infrared OPCPA system. The seeding method, demonstrateddlso could be applied to all-
optical synchronization of amplifiers based on differenhgaedia in the spectral range from 600
to 1100 nm. This spectral range covers workhorse solid-$t&ser media such as Ti:sapphire,
Yb3*-doped, and N# -doped host materials.

3.4 Picosecond pump pulse contrast measurement

In this section we describe the contrast measurement ofitiosgrond output pulses from the
Nd:YLF regenerative amplifier seeded with the broadbandapphire oscillator pulses. The
pulse contrast is measured by a high-dynamic-range auw®ator based on third-harmonic
generation (THG). The contrast between the main picosepafs® and background nanosec-
ond ASE will reveal the ratio between the energies containgide picosecond and nanosecond
range. This is important because the seed pulse energyhmtmntplifier is weak, and the growth
of the ASE may severely reduce the amount of the useful eneriipe picosecond time scale.

In the previous section, the lowest limit of the amplifier mutt energy was estimated by a
comparison of the amplifier output energies with and withtbetseed. However, the onset of
the amplified seed pulse reduces the gain of the Nd:YLF arapliéspecially in the saturation
regime) and, therefore, suppresses ASE. The precise puis@ast between the picosecond am-
plified seed and the nanosecond background can be measutese loy a high-dynamic-range
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autocorrelator[[213, 214, 2115]. From this contrast measarg, we could estimate the actual
energy ratio in the picosecond and nanosecond range. Thatlaythe high-dynamic-range

ent

~

TS1

N

Figure 3.7: Layout of the high-dynamic-range autocormlétased on THG. TS1: translation
stage; M1, M2: partially coated mirrors; BS: pellicle bearitsgr; C1: second-harmonic gener-
ation crystal; M-Ag: silver mirrors; P1: periscope; P2: gtgichanger. P1 and P2 are equipped
with dichroic mirrors for second harmonics. FM: focusingmoi (f = 100 mm); M-3wv: dielec-
tric mirrors reflecting only third harmonics; C2: third-havmc generation crystal; SL: slit; lens:
f=100 mm; TS2: translation stage for time delay.

autocorrelator is shown in Fi§. 3.7. Its detailed desavipts available in Ref.[[I08]. The ampli-
fier was modified from the one described in Secfioh 3.3. 2.®ugdut pulses from the regenera-
tive amplifier are successively amplified up to 6 mJ by twosgasplification in a post-amplifier
comprising a five-diode-pumping home-made gain module a#thmm-in-diameter 12-cm-long
a-cut Nd:YLF rod. The 6-mJ output pulses are characterizédthhe above described autocorre-
lator. The measured autocorrelation traces are shown ifBEg To collect these data, we varied
the seed energy and adjusted correspondingly the roumdt#imber to maintain a constant out-
put power from the amplifier. The inset in F[g.]3.8 shows tHatiee fraction of theQ-switched
pulse energy obtained by the interception of the seed wgpee to the total amplifier output
energy when the seed pulse is injected. Unfortunately,¢hersng range of the third-order au-
tocorrelator does not cover the entire extent of the namoskpedestal. It is shown in Fif. B.8
that the increase of the nanosecond background resultstfr®alecrease of the seed energy. In
the autocorrelation trace, the intensity of the leadingagséal is higher than the tailing pedestal.
This is because the population inversion of the gain medNd{{) decays during the passage
of the amplified pulse so that, always, the leading edge opthse feels higher gain than the
tailing edge and is more amplified [94, 216] 31]. We assumighigaintensity of the nanosecond
background is flat in time and has a duration of 6 ns, which erd@ned by the switching time
of the Pockels cell. Under these assumptions, only a 2.3etidraof the total output energy
is contained in the nanosecond pedestal if the nanosecatesiad has the relative intensity of
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Figure 3.8: High-dynamic-range autocorrelation tracethefoutput pulses from the Nd:YLF
amplifier chain seeded with the full seed energy (black linein the broadband Ti:sapphire
oscillator, half energy (red line), quarter energy (bluee)i one-twentieth energy (green line),
and one-fortieth energy (orange line). Inset: ratios betwautput power of seeded regenerative
amplifier andQ-switched output power in the absence of the seed pulse.&wmegdies and color
notations are the same as in main panel.

10* respect to the picosecond peak intensity. If the nanoselsackiyround intensity is a 16
level, the fractional energy of the nanosecond pedeste¢ases to 18.8%. The measurements,
presented in Fig[ 3.8, prove that the seed energy of 1.3 piffisisntly high to suppress the
ASE background and produce a reasonably clean picosecang pulse for the OPCPA sys-
tem. It could be concluded that the ASE energy is stronglyeced when the seed is injected
because the estimated energy of the nanosecond backgvauei the seed is injected, from the
autocorrelation trace is not equal to the output energy ef#switched pulses. For example,
for the half seed energy (red line) in Fif.]3.8, the nanoseédmackground energy can be esti-
mated as much lower than 18.8% because of its intensity isritvan 102 of the peak intensity.
However, in the inset of Fig[ 3.8, th@-switched pulses without the seed pulse is almost 50%
of the total output. Amplification of ASE is reduced by at leasimes by the onset of the seed
pulse injected. As an empirical criterion, when Qeswitched pulse energy is less than the half
of the amplified seed energy, we noticed that nanosecondyb@aakd is reasonably suppressed
and the main picosecond pulse contains the substantialr@mbthe output energy. Preferably,
this criterion is only dependent on the output energies ftoeamplifier with and without the
seed pulse. Notice that, in some case, this criterion coofidb@ applicable, if the cavity mode
dramatically changes with the seeded and unseeded amppieation by the different thermal
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condition and different nonlinear effects.

In summary, we have characterized the output pulses fromethenerative amplifier seed
with the broadband Ti:sapphire oscillator by use of the fdghamic-range autocorrelator based
on THG. The third-harmonic autocorrelation charactermatietermines the intensity contrast
of the main picosecond pulse and the nanosecond ASE, carshguhe energy ratio between
them. The measured data confirmed the reasonably cleanghtis@able with the weak seed
pulse from the Ti:sapphire oscillator. The criterion foeah pulse amplification have been de-
rived and can be applied to general cases when the seed enérgy

3.5 Timing-jitter and drift problems in the OPCPA system

In the previous section, we demonstrated the seeding ofdhreehmade Nd:YLF regenerative
amplifier with the Ti:sapphire laser and the charactemragf its output pulses by use of high-
dynamic-range autocorrelation. Originally, the main wation of this development is to elimi-
nate timing jitter and drift between the pump and seed pufsd®e OPCPA system. In Chapter
B, electronic synchronization of two oscillators used ia tiear-infrared system demonstrated
its excellent short-term timing lock within 5 ps. However wave observed long-term timing
drift resulted from the thermal effect of the double-bakshmixer and its phase noise converted
from the laser amplitude noise, which are critical for spesstopic applications such as high-
harmonic generation, attosecond pulse generation, aoseatind real-time spectroscopy. We
discuss about possible source for residual timing jitted dnft existing in optically synchro-
nized amplifiers. We separate the timing issues into twosypamely, short-term timing jitter
(shot-to-shot fluctuation) and long-term timing drift andaliss them one by one.

Short-term jitter

We used a cross-correlation technique based on OPA to egdimimg fluctuation within tens of
minutes [Z1]7]. The experimental set up is described in[EiR2 8 the next section. The second-
harmonic pump pulses from the regenerative amplifier faidwy the frequency-doubling LBO
crystal are cross-correlated with unstretched pulsesttiirfom the broadband Ti:sapphire os-
cillator. The second harmonics and the unstretched pulseasathe pump pulses and seed
pulses in type | NOPA by use of BBO. This cross-correlation mégpire provides the highest
temporal resolution to assess the timing jitter betweerGREPA seed and pump pulses. We
artificially shortened the amplified pulse from the Nd:YLF @ifier by removing the intracav-
ity etalon so that the self-compressed laser pulse trainolvsned and used for the parametric
cross-correlation. The measured trace, shown in[Fig. 29tte width of only 1 ps (FWHM),
which gives the upper limit of the possible synchronizatimperfection in our system. This
short temporal resolution is obtained not only by the setfipressed pulse but also by the ex-
treme nonlinearity of OPA, effectively improving the cdaton resolution to less than the pump
pulse duration. Although the shot-to-shot timing fluctaatis difficult to assess, a novel work
to examine shot-to-shot timing fluctuation between outpusgs from a Ti:sapphire regenera-
tive amplifier and from a Ti:sapphire oscillator has beenead by use of the detection of the
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Figure 3.9: OPA-based cross-correlation trace, showiagiiper limit of the timing-jitter of less
than 1 ps.

sum-frequency spectrum between the chirped and chirppiséses [218]. With this method,
they have observed pulse timing fluctuation of less tta20 fs (100-m-long propagation in the
regenerative amplifier cavity and the oscillator). Theyndihe cause of the short-term timing
fluctuation related to the frequency of the alternating entrof the power supply. The result of
the work [Z1B] is consistent with our experimental resuldl ahows potential precise synchro-
nization of much less than picosecond time scale.

Long-term timing drift

The long-term drift, regardless of the type of pump and segskpsynchronization, is related to
the thermal expansion of the cavities of the pump amplifiel e seed oscillator. An illus-
tration of the timing synchronization scheme in the OPCPAesyss shown in Fig[ 3.10. The
timing-drift problem results from the relative path lengitift between two arms from a splitting
optic to a combining optic. In the case of the OPCPA systemyaslio Fig. [3.10, the path length
corresponds to the distance from the output coupler to thlesddye through the laser amplifier.
Note that the splitting optic in this case is not the beantgplbut the output coupler. This can
be understood by the fact that, in principle, the beamspldan be replaced by the Pockels cell,
which can select out a seed for the laser amplifier and the et®al for the parametric amplifier
at a different time. A seed pulse 1 (seed 1 in Fig.]3.10) picketdy the Pockels cell (PC in Fig.
B.10) travels in the amplifier, while another seed pulse 2dszin Fig.[3.70) is stored in the
oscillator and waits for the amplified seed pulse 1 to be egefriom the amplifier. Then, when
the amplified seed pulse 1 is ejected from the laser amplifierseed pulse 2 is ejected from
the oscillator and the two pulses are temporally and spabakrlapped at the OPA crystal. The
amount of timing drift depends on relative thermal variataf the pump and seed arms. The
pump arm length is governed by the total path length in therlamplifier (for the case of the
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Figure 3.10: lllustration of the optical synchronizatiammeme in the OPCPA system. OC: output
coupler; BS: beam splitter; PC: Pockels cell; OPA: opticabpaatric amplifier; seed 1. seed
pulse used for the laser amplifier; seed 2: seed pulse uséu:fparametric amplifier
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Figure 3.11: (A): Repetition rate drift of the Ti:sapphirectigtor (black curve) and calculated
repetition rate drift (red curve) from the temperaturetdsifthe oscillator breadboard. A right
y-axis represents the corresponding timing drift after#@@-ns-long (210-m-long) travel in the
regenerative amplifier. (B): Temperature drifts of the dawk (black curve) and the amplifier
breadboards (red curve).
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regenerative amplifier, the cavity length in one round triphe round-trip number). The seed
arm length is governed by the oscillator cavity lengthts round-trip number. For example,
assuming a 100-m path length on a stainless steel breadlzoeethtive temperature change by
0.1 K between the seed and the pump arms causes 0.3-ps tiniindsl-K temperature stabi-
lization of the optical table represents the practicaltifor the laboratory environment. Further
improvement of the timing synchronization has to rely onvacstabilization of both the oscil-
lator and the regenerative amplifier cavities J219]. Suclasnees would be required for pump
and seed pulses with the duration of less than a couple o$@oomds. The thermal drift of the
oscillator and the laser amplifier bases was measured toastithe amount of the slow drift
in our infrared OPCPA system, which will be described lateCimapter{}§4. In Fig.[ 3.11 the
repetition rate ((A) black curve) of the Ti:sapphire seedltzor and the temperature of the os-
cillator breadboard ((B) black curve) and the regeneraivglifier breadboard ((B) red curve)
are shown. In Fig.[ 3.11(A) (red curve), expected oscillaémetition-rate shift is calculated
from temperature drift of the oscillator breadboard, shawFig. 3.11(B) (black curve). This
relationship verifies that the oscillator frequency shsftrelated with the thermal expansion of
the breadboard. However the factor of two difference betwbe frequency shifts , shown in
Fig. B-I1(A), has not been attributed yet. The estimatethtirdrift amounts to about 8 ps in the
oscillator cavity. However the similar tendency of the temgture drift between the oscillator
and the amplifier breadboard could result in the cancefiaiitth each other. Several-hour-long
warming up time also stabilizes the optical table and breadbtemperatures , resulting in less
than 2-ps drift after warming up. Although day-to-day tigpishift in OPCPA systems has been
observed because of the repetition-rate shift of the @doilland the environmental temperature
change, any shift in one day has not been noticed so far.

In summary, in this section, short term and long term timingshave been investigated by
the cross-correlation technique based on OPA and estingtésimperature drifts in the oscil-
lator and the amplifier, respectively. 100-m beam path leogtthe stainless steel would cause
0.3-ps timing drift by 0.1-K temperature change. Comparisetween electronic and optical
synchronization for an OPCPA system is summarized in AppeBdi

3.6 Near-infrared OPCPA system with optical synchroniza-
tion

In this section, we apply the optically synchronized picusel pump pulses from the Nd:YLF
regenerative amplifier to a near-infrared OPCPA system airtol the one represented in Chap-
ter[2. The scheme of the optically synchronized OPCPA sysseiftustrated in Fig.[3.12. A
Ti:sapphire oscillator pulse is split by a 50% broadbandiisgditter and one of the pulses is
directed into the OPA stage following a pulse stretcherrctmexpand temporally the seed pulse
approximately to 22 ps to ensure appropriate overlap wiet2rps pump pulse. The stretcher
chain consists of a SF57 prism pair, the Dazzler, and a 10eagSF57 block. The energy of the
transmitted seed pulse after the stretchers is reducedd 50m about 2.5 nJ (2% throughput)
because of the low diffraction efficiency of the broadbandfDer and losses of the optics. The
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Figure 3.12: Near-infrared OPCPA system by use of the optisghchronized pump laser. BS:
broadband 50% beam splitter; NOPA: noncollinearly phas¢zhed optical parametric amplifier
using BBO; TG: transmission grating; SPIDER: SPIDER apparatus

noncollinear parametric amplifier employs a single-passwgry in a 4-mm-long type | phase-
matching BBO. We used the same noncollinearity angle and phasehing angle as for the first
parametric amplifier stage in the near-infrared OPCPA sysiesuaribed in Chapté}f 2. The pump
intensity on the BBO crystal is estimated as about 15@k¥ assuming the pulse duration of
26 ps for the second harmonic. The near-field beam profileeochthplified seed pulse with the
energy of 100uJ (corresponding gain of 2 10f) is shown in Fig.[3.J3(A). The shot-to-shot
energy stability was measured as 11% (RMS) and its histogsashawn in Fig.[ 3.13(B). Al-
though we did not observed the shot-to-shot shift of the dimglspectrum, which could result
from the timing-jitter between the pump and the stretchedi sthe unsaturated operation in the
parametric amplifier causes degradation of the energylisyabii the output pulses. This can
be easily solved by use of a new second OPA stage by use ofrestrpump laser. However,
in this section, we concentrate on the development of the @PgBtem based on the optical
synchronization and its characterization. In Hig. [3.13, tA® ellipticity of the amplified-beam
results from the different phase-matching tolerancesgatba signal polarization direction and
along the pump polarization direction [141] §4,1142]. Thephfied pulses are recompressed
in a compressor consisting of a pair of 900 lines/mm transimrsgratings (Wasatch Photonics)
separated by about 14 mm. The throughput of the pulse cosmrssabout 50%. The amplified
spectrum after the grating compressor (solid line) is showiig. 3.14 (A). The compressed
pulses were characterized by SPIDER. The residual spetiasketrieved by a SPIDER anal-
ysis program was corrected for by use of the feedback mesmainom a SPIDER system to the
Dazzler.

The residual spectral phase (dashed line) obtained afteradeedbacks is plotted in Fig.
B.I4(A). Fig. [3.I4(B) depicts the retrieved temporal pulegife with the duration of 11.3 fs
(FWHM) (solid line), a transform-limited pulse profile (da&shline) calculated from the ampli-
fied spectrum (its duration is 8.3 fs (FWHM)), and the retreetemporal phase (dotted line).
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Figure 3.13: (A): NOPA output beam profile. (B) Shot-to-shotput energy histogram. The
energy stability is 11% RMS.
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Figure 3.14: SPIDER results of the amplified pulses fromaaiy synchronized NOPCPA. (A):
measured amplified spectrum (solid line); retrieved spépinase (dashed line). (B): retrieved
temporal pulse profile (solid line); transform limited paeilsalculated from the measured ampli-
fied spectrum assuming flat spectral phase (its duratiorBi$s8(FWHM)); retrieved spectral
phase (dotted line).
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High-order dispersion (mainly third-order dispersion)}tloé 10-cm-long SF57 block could not
be fully compensated over the entire spectral range ofastdrecause of the limited aperture of
the second prism in the prism pair and the limited dispersioing range of the Dazzler.

In summary, the optically synchronized pump amplifier islegapto the 11-fs near-infrared
OPCPA system. These amplifiers are seeded with the commole sireadband Ti:sapphire
oscillator. The main problem, the timing-jitter are sulbsily reduced so that we could not no-
tice any timing-drift during the experiment and the fluctoatof the amplified spectrum, which
would result from the short-term timing fluctuation.

3.7 Upscaling of output pulse energy from an amplifier seeded
with weak pulses

Upscaling of the output energy from an amplifier chain seesll a several-picojoule pulse
is an interesting topic. In our laboratory, Ti:sapphireilbstors are being modified to further
extend the infrared wing of the output spectrum to attainstineng infrared spectral intensity.
As a result, so far, a modified Ti:sapphire oscillator hasdpoed five times more energy at
1053 nm compared to the oscillator used in the seeding expati With this seed, two post
amplifiers following the Nd:YLF regenerative amplifier bodse pulse energy from 4 mJ to 11
mJ. The ratio between the output energies with and withaed peilses is kept below 0.5, which
satisfies the criterion described in this section. As an g@eyra much larger 100-ps, 1.5-J,
10-Hz Nd:YAG amplifier systen{]220] is successfully seedéth the frequency-shifted output
pulse from the photonic crystal fibgr [369]. A 1-mJ outputgeufrom a Nd:YAG regenerative
amplifier seeded with an about 1-pJ pulse from a photonidalrfiber is further amplified to 1.5
J in a chain of post-amplifiers. The fundamental energy oQkswitched pulse in the absence
of the seed pulse is measured as 150 mJ. This Q-switched puésgy, based on the same
criterion, corresponds to the less than 2% ASE energy awedan the 1.5-J output. Therefore,
we could conclude that the main source of the contrast de&tion of the amplifier output
pulses is the regenerative amplifier because of its very gajh, typically 18 in the case of
weak seeding. Consequently, an unsaturated power boobtsvifiy the regenerative amplifier
does not enhance the ASE background so much because of igglow

3.8 Conclusion

We have implemented direct optical seeding of the picosgddaiYLF regenerative amplifier
amplifier with the broadband Ti:sapphire oscillator. Thaw@&l scheme established reliable opti-
cal synchronization of two amplifiers operating in non-dapping spectral ranges. This method
was applied to the broadband OPCPA system by use of the dpsgalchronized pump source.
The use of a common Ti:sapphire oscillator dramaticallypgiies the whole OPCPA system
in comparison with OPCPA schemes adopting two oscillatonelsyonized by use of the PLL
electronics. This work also offers a blueprint for buildiagge-scale OPCPA systems that would
be particularly suitable for the applications in high-figldysics, extreme nonlinear optics, and
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attosecond spectroscopy. The demonstrated simple OPCR&rsy®uld be necessary for the
attosecond real-time spectroscopy, high-harmonic géonaraand attosecond optics. In addi-
tion, the demonstrated synchronization method opens a raswiav all-optical synchronization

of high-intensity laser amplifiers based on various gainim#uthat do not have mutual spectral
overlap. This optically synchronized Nd:YLF amplifier sgst will serve as a pump source of an

infrared OPCPA system in the next chapter with additionalsting power amplifiers after the
regenerative amplifier.
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Chapter 4

Few-cycle high-energy infrared pulse
generation by use of OPCPA

4.1 Introduction

In this chapter, we will describe the design and experimiémi@lementation of an broadband op-
tical parametric amplifier of chirped pulses in the infrarethique high-energy, ultrafast optical
pulses at 2.im are generated by this OPCPA system. Seed pulses are gdrnayateéference
frequency generation (DFG) and their CEP is self-stabil[2@d,[222[223]. We use the Nd:YLF
amplifier seeded with a Ti:sapphire oscillator, whose dgwelent was described in Chapfgr 3,
as a pump source for the infrared OPCPA system. A pump ampli&n is upgraded by addi-
tional post amplifiers following the regenerative amplitad produces 11-mJ, 40-ps, 1053-nm
pulses at 1kHz.

In Chaptefb, we demonstrate preservation of the CEP of theméses during parametric
amplification. The obtained few-cycle infrared pulses gipliad to generation of the visible
supercontinuum. The supercontinuum and THG of the fund#ahpulses make possible a novel
f-to-3f nonlinear interferometry and the detection of the CEP of tifi@ied pulses.

4.2 Infrared seed pulse generation by use of difference fre-
guency generation

In this section, we review infrared optical light sourcesl @escribe generation of an infrared
broadband seed source for the infrared OPCPA system based®ifA24] in periodically poled
lithium niobate (PPLN). High-energy pulses from a commer€i:sapphire amplifier are spec-
trally broadened by self-phase modulation (SPM) and usgdiap pulses of DFG.

A straightforward way to obtain infrared seed pulses is maibroadband oscillator based on
a laser medium. However so far the shortest pulse duratitasef oscillators operating around
2 um has been limited to sub s [225].

Because of the lack of an appropriate ultrafast laser ogmijlan the infrared, an optical
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parametric oscillator (OPO) [2RB, 247, 28] has been useah adtrashort tunable light source.
However, for our purpose, the OPO does not provide an impbfeature: few-cycle pulse
generation.

Another approach to obtain the infrared radiation is optieatification of the broadband
optical pulses. This scheme as well as the use of a photoctordand the electro-optic effect
is frequently used in ultrafast terahertz (THZ) optics apdctroscopy[[229, 2B(, 231]. Recent
advance in the ultrabroadband laser oscillator in the Mditas naturally resulted in genera-
tion of high-photon-energy THZ radiation, which has reatliee mid-infrared range. Mid-
infrared pulses at im has been demonstrated by use of optical rectification (RfF &)b-20-fs
Ti:sapphire oscillator pulsef [232]. Few-cycle or even oroyicle pulses with the stable electric
field, which indicates the stabilization of the CEP of the THdiation, is exactly what we want
to have as a seed source except its wavelength.

By use of DFG and its self-stabilization mechanism of the CEiPgaious work by T. Fujet
al. in our group demonstrated detection and stabilization @freaer-envelope offset (CEO) fre-
guency based on the interference between gubdifference frequency (DF) and Ti:sapphire
fundamental spectral components at this wavelerjgtfj [I#8% mechanism satisfies two impor-
tant requirements for the OPCPA seed source. First, with proppate nonlinear crystal, @m
broadband radiation could be expected to be acquired sibgagiuse of less requirement of the
bandwidth of the Ti:sapphire oscillator spectrum. Secgritie CEP of the DF generated by the
CEP-unlocked pump laser pulse is automatically self-staull[2Z3B[22]L[ 227, ZP3]. The mech-
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Figure 4.1: CEP stabilization and CEO frequency stabilizatioa DFG process. .§o CEO
frequency and£p: laser repetition-rate frequency.

anism of DFG and its CEP stabilization is illustrated in Higl.4This can be easily understood
by the spectral domain representation of pump laser fre;yueambs. An optical frequency
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of each comb in the DF spectrum is the laser repetition ratéiphied by an integer because
each comb is generated by parametric mixing between theréiff combs of the fundamental
spectrum whose offset frequencies are the same and thest néquencies are cancelled out
through the DFG process. This can be confirmed by use of simateematics. A DK fprg)
generated by the difference frequency mixing between thilater combs(nfrep+ fCEo) and
(mfrep+ fceo) depends only on the laser repetition r&tg as

forg = Nfrep+ feceo— (Mfrep+ feeo) = (N—m) frep (4.1)

, Where frep and fceo represent the laser repetition rate and the CEO frequenspectvely.
Therefore, the pulse-to-pulse CEP does not change and efepulBe has a temporal phase
defined by the exciting-pulse envelope. Resultant selflstation of the CEP is a quite useful
feature, when few-cycle laser pulses are used as a driveiH@ and attosecond optics and spec-
troscopy [IP], because a peak value of the electric-fieldliguwle of the few-cycle optical pulse
becomes dependent on the CEP [234]. In a previous infrared ®B@ZR®em described in Ref.
[235], a home-made broadband Ti:sapphire oscillator wad €@ DFG, resulting in a DF with
the energy of 2 pJ. An infrared parametric amplifier seedet this weak DF produced about
50-ud, 20-fs pulses around 2m. The energy is limited to 5(tJ because further amplification
just results in the dramatic increase of the ASF and it isadiffito distinguish the amplified pulse
energy from the ASF energy. Therefore, higher-energy seéskp are required to achieve the
higher output energy without suffering from the ASF. Sinlgert we have changed the method
to generate the seed pulse by use of DFG, aiming at the higiygiseed source. High-energy
100-fs, 1-mJ, 1-kHz pulses at 800 nm are obtained from a comatdi:sapphire regenerative
amplifier followed by an additional two-pass post amplifi8pitfire, Spectra physics) and are
sent into a gas cell containing 3-bar Kr to broaden its spettoy SPM. The output beam is
weakly focused with a 1-m lens into the gas cell, forming alsmgle filament visualized by
ionization of Kr atoms. This long filament is sustained by Hatance of three effects: self-
focusing, natural divergence of the laser beam, and plasfacuasing [236[ 237 2B8]. The
narrowband 100-fs pulse is spectrally broadened in thefitetgent where the high laser inten-
sity is kept to enhance spectral broadening based on SPMer@ed broadened pulses show,
recently, self-compression phenomena in the filament,ngaid few-cycle high-energy pulse
generation[[239, 240, ZBI, 242]. Note that this is one of sorg ways toward high-energy,
few-cycle, near-infrared laser pulse generation, althoting infrared few-cycle pulses can be
uniquely obtainable by use of the OPA process under cureehtblogy. Fig[ 4]2 (A) shows the
fundamental spectrum (black line), the broadened spedbefore band-stop mirrors (red line),
and the broadened spectrum after the band-stop mirromsr(djre). Fig.[4.R (B) shows the spec-
trum of the supercontinuum before the band-stop mirrorsgratithmic scale. The home-made
band-stop mirrors are used behind the gas cell to elimilma&etrong central part of the output
broadened spectrum from the gas cell, while maintainingagineariation of the spectral phase
of the reflected pulse.

The broadened pulse is temporally compressed by use of d skirped mirrors after the
band-stop mirrors. The pulse compression by 4 bounces opechmirrors seemed to be opti-
mum for generation of the broadband DF spectrum in 1-mm-Mg@®-doped periodically-poled
stoichiometric lithium niobate (MgO:PPSLN) crystals. &ft4 bounces on the chirped mirrors,
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Figure 4.2: (A): Fundamental spectrum (black line), brasgespectrum before the band-stop
mirrors (red line), and broadened spectrum after the b&lrairrors (green line). (B): broad-
ened spectrum before the band-stop mirrors in logarithoates
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Figure 4.3: (A): Measured DF spectra generated in the MgSLIRRB with the quasi-phase-match
(QPM) period of 13.87um (black line) and 11.2um (red line). Simulated DF spectra with the
QPM period of 13.8um (green line) and 11.2am (blue line). (B): Broadened spectrum before
the band-stop mirrors (red line) and DF (black line) spertréhe frequency domain, showing

correspondence of the central frequency of the DF to thauénegy width between the blue and
red wings of the broadened spectrum.
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Figure 4.4: Characterization of the DF pulses by use of XFR@E.Measured XFROG trace,
(B): reconstructed XFROG trace, (C): retrieved temporal @pi®file (solid line) and temporal
phase (dashed line), and (D): retrieved spectrum (sol&) lamd spectral phase (dashed line).

the energy of the supercontinuum pulse is measured asl50Ve tried two MgO:PPSLN crys-
tals with different quasi-phase-match (QPM) periods o21land 13.87um for DFG. Fig.[4B
plots the DF spectra generated by the MgO:PPSLN crystalstivt QPM periods of 11.2m
(red line) and 13.87:m (black line). In Fig[4]3, numerically simulated DF spadty use of the
MgO:PPSLN with the QPM periods of 11.21 (blue line) and with QPM periods of 13.8m
(green line) are compared with the experimentally obtaDEdpectra. A theoretical description
about the simulation of the DFs is given [n][61, PA3,]444] 24%js calculation uses the spectral
intensity and phase of the broadened spectrum by use ofdneguresolved optical gating based
on second-harmonic generation (SHG FROG)]246].

To examine the compressibility of the DF, we characterizegpectral phase and intensity
of the DF by use of a cross-correlation FROG (XFROG) basethesum-frequency generation
between the DF and the fundamental pulse from the Spitfirethigpulse characterization,
the MgO:PPSLN with the QPM period of 11.2im was used. Fig[ 4.4 shows a measured
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XFROG trace (A), a reconstructed XFROG trace (B), a retrieesaporal pulse profile (solid
line) and a temporal phase (dashed line) (C), and a retrigyectrsim (solid line) and a spectral
phase (dashed line) (D). From these traces, although tmp ohithe DF pulses are not only
governed by the second-order chromatic dispersion butalser higher-order dispersion, the
smooth variation of the group delay of the DF pulses could Ipeoaf for the possible pulse
compression with suitable adaptive optics. The energy®fif is measured as 50 nJ with the
maximum pump energy. However, the DF generated by the mawipwump energy turned out
to be useless due to the bad quality of its temporal pulsel@rafiowing multiple peaks. This
might be attributed by the onset of the nonlinear effecta@NgO:PPSLN generating the DF by
the strong compressed supercontinuum. The pump pulseyewasgreduced and the resultant
DF was checked as described above to have the clean temptsalgrofile. The energy of the
reduced DF pulses was hardly measurable because of théinessa

In summary, we have demonstrated a broadband DF aroynd By use of the broadened
Ti:sapphire amplifier output pulses. The fundamental puls®adened in the long-distance
filament formed in 3-bar Kr are used as the pump source for DFGe MgO:PPSLN. The
generated DF has been characterized with XFROG, showimmpiential compressibility. This
energy is much higher than the previously used seed ene@pdfaind, consequently, the high-
energy output from the infrared OPCPA system is expected.

4.3 Infrared optical parametric amplifiers

In this section, we review past works on infrared OPAs, whiore us helpful ideas for the
development of an infrared OPCPA system. Especially ountdie will be paid to broadband
and high-energy amplification and ultrashort laser pulseg&ion. The optically synchronized
1053-nm pulses, which are produced by an upgraded Nd:YLHienghain to be described in
Section[4.4, are used as a pump source for amplification dbrib@dband seed source around
2 um obtained in the last section. Therefore only degeneraieabgparametric amplification
would provide broad gain bandwidth necessary for few-cyelse amplification. A suitable
OPA crystal for this purpose will be selected out from manggilole candidates.

Here we look through demonstrations of OPAs and OPCPAs foaglibrt infrared pulse
amplification with bulk nonlinear crystals (experimentggsperiodically-poled crystals will be
discussed later): 200-fs pulse generation at/B# by use of KNbQ-based OPA[[247], 125-fs
pulse at 3um by use of a bulk LiNb@ (LN) [£48], 5-cycle at 3um using MgO-doped LN
(MgO:LN) [B49], a review of femtosecond OPAs with KTP, KTApc&aKNbQ; crystals in Ref.
[E50], 75-fs pulses at Em with dispersion compensation in transparent matefi&$][2and 65-
fs pulses tunable from 2.7 to 4t6n based on a KNb§{P53]. From the papers above, so far, the
shortest pulse duration is 5-cycle aroundr@. However its output energy is less tharnultand
they generate ultrashort laser pulses by slicing a long gekse using ab ultrashort pump pulse.
Although 5-cycle optical pulses aroundudn have been demonstrated by use of MgO:LN, the
broadband seed spectrum, described in the last sectiderpeewider parametric amplification
bandwidth to achieve high-energy few-cycle pulse genamatRecently a new type of infrared
ultrafast pulse generation has been demonstrated: broddbat compressed yet) phase-stable
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near-infrared (1.2-1.5m) pulses by use of DFG followed by boosting OPA253]. Thiguite
interesting but there seems to be several problems sucte aattier complex setup to be used
and the unreliable phase-stabilization scheme dependdhtanterferometer.

Two things can be considered to enhance the gain bandwidghehpump intensity and the
use of thin crystals. The use of the high pump intensity igng case, limited by the damage
threshold of the optics (mainly bulk damage and surface damoéthe crystal). As pointed out
in Sectio 1J3, shorter pump pulses would result in broadip@mametric amplification because
the parametric amplifier could be pumped by the higher-gitgrpump. However the shortest
duration of the amplified pulse from the Nd:YLF amplifier ismited by amplifier gain narrowing
and the damage of the amplifier optics so that dramatic isere&the pump pulse intensity is
implausible. The second idea, the use of thin crystals, @reasy to implement because a certain
amount of gain has to be realized to amplify the weak seedygriemmillijoule-level. However
the higher second-order nonlinearity coefficient could pensate for the gain decreasing due to
the thin nonlinear crystal. From the formulas for the gailc@giation described in Eq$. 1.5, 1.6,
and[L.y, small gain coefficiegtmultiplied by the interaction length can be expressed by the
second-order nonlinearity coefficietids, the pump intensity, andL as

gL O defr/1pL. (4.2)

Therefore, to sustain a certain gain, the crystal letigtan be reduced whethy is larger, re-
sulting in broadband parametric amplification due to lesssphmismatch. Actually, recently
emerging periodically-poled nonlinear crystals have aneexely high second-order nonlinear-
ity coefficient so that the use of thin periodically-poledntinear crystals could result in the
broadband and high gain at the same time.

In 1993, first fabrication of periodic antiparallel domainghe ferroelectric crystal, LiINb§)
by use of the electric external field was demonstréted[2B4é. use of the QPM technique, which
was predicted initially by a first theoretical paper conasgrOPA [55] and later theoretically ex-
plained in detail[2Z95], has been widespread owing to thaikely easy fabrication technique of
periodically-poled crystals by use of the electric field.thie QPM technique, periodic reversal
of the domains in the crystal causes the periodic revergaleo$ign of the second-order nonlin-
ear coefficient. This modulation compensates for phasesaish accumulated among the three
waves involved in the parametric interaction and enabliexife parametric interactions. Ad-
vantageous features of the QPM method include the noralrfiltase-matching possible for any
three-wave interaction within the transparency of the ntaf fabrication techniques allow a
required domain reversal, and the use of the largest sematet-nonlinear coefficient.

For periodically-poled crystals, many interesting expemts in the infrared regime and
advances in crystal fabrication and engineering have beemdstrated: early demonstration
of an OPO by use of MgO:PPLN [256], fabrication of MgO-dopedichiometric LiTaQ
(MgO:PPSLT) [25]7], OPA and OPO applications by use of Mg@QiRPP43] and [258], re-
spectively, a high-power OPO operation using large apeflgO:PPLN [259], and relatively
broadband OPG by use of MgO:PPSIT [p60]. Not only OPAs bui a&veral OPCPAs have
been demonstrated with periodically-poled crystals: fegbrgy femtosecond OPCPA by use of
a Q-switched laser as a pump source J115], ultrashort pdsergtion based on periodically-
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poled KTP (PPKTP)[[129], first use of MgO:PPSLT in an OPCPAJ1®0oadband amplifi-
cation of mid-infrared pulses in PPKTP [261], and high-cast OPCPA system using PPKTP
[LI0]. The periodically poled crystals have been applieghémy OPAs and OPCPAs and shown
its potentials and, especially, the highest second-ordelimear coefficient for the parametric
interaction is quite favorable.

We numerically calculate the OPA gain bandwidth by use ofghe. [1.b,[1]6, and 1.7 for
three crystals (MgO:PPSLN, MgO:PPSLT, and bulk-LN). Thmawdation clarifies the effect of
the high second-order nonlinear coefficient value on the gandwidth. The calculation of the
OPA gain adopting 1st-order QPM with the duty cycle of 50%sdoet change the OPA gain
formula except the notation of the phase-match conditiahthe replacement of the second-
order nonlinear coefficienf[Zp5]. The wave-vector misrhatan be expressed as

21

Ak = ky— ks— ki — (4.3)

Nopm’
where/gpwm is the QPM period of the periodically poled crystal. The efifee second-order
nonlinear coefficiente in Eq. has to be replaced by that for QRIgem [R58]. Their
relationship can be expressed as

2
d = —def. 4.4
QPm = G (4.4)

Values of the second-order nonlinear coefficients of SLT @bl aredss = 25.0 pm/V [26P]
anddsz = 15.7 pm/V [Z6R,[2§3] both in the case of zzz interactionpeesively, resulting in
effective second-order nonlinear coefficientsdgby = 16 pm/V for PPSLN and 10 pm/V for
PPSLT, respectively. Temperature dependent extraosdnefractive indices of MgO:LN from
HC Photonics and SLT are available from Eds. _A.10 pnd]A.11 ppekdix[A, respectively.
Refractive indices of 5 mol% MgO-doped congruent LN are awdé from Eqs[ A]8 and A9 in
Appendix[A. Calculated gain curves with MgO:PPSLN (blacle)itMgO:PPSLT (red line), and
bulk MgO:LN (green line) are shown in Fifj. #.5 (A). The obtinseed spectrum (blue line) is
plotted in Fig.[4.b (A). Fig[ 4]5 (B) depicts temporal pulseffles, assuming flat spectral phase,
calculated from the gain spectra with MgO:PPSLN (black)lindgO:PPSLT (red line), and
bulk MgO:LN (green line), respectively. For the calculasothe following parameters are used:
common pump intensity: 5 GW/mQPM periods of MgO:PPSLN and MgO:PPSLT: 30.2 and
31.8 um, temperature of MgO:PPSLN and MgO:PPSLT: 300 and“ID0and crystal length of
MgO:PPSLN and MgO:PPSLT: 2 and 2.9 mm. The crystal lengtasphmatching angle, and
second order nonlinear coefficient of MgO:LN are 6.5 mm, 32,9and 5 pm/V, respectively.
Nearly two-cycle pulses could be amplified by use of MgO:PR$tarrier period at 2.umis 7
fs), while even the narrowest gain bandwidth obtained witlk MgO:LN is expected to support
amplification of less than 3-cycle pulses.

In summary, we have conducted the OPA gain calculation udigQ:PPSLN, MgO:PPSLT
(red line), and bulk MgO:LN. The high second-order nonlinedractive index, enabled by the
QPM technique and periodically poled crystals, resultetfrimsadband gain, making possible
amplification of few-cycle pulses in the infrared regime.this experiment, we will adopt ex-
clusively MgO:PPLNs because of the broader gain bandwidth available large-aperture (5
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Figure 4.5: (A): Calculated OPA gain spectra in the infrargdi®e of MgO:PPSLN (black line),
MgO:PPSLT (red line), and bulk MgO:LN (green line) and theaitred seed spectrum (blue
line). (B): Temporal pulse profiles, assuming flat spectralgeh calculated from the gain spectra
with MgO:PPSLN (black line), MgO:PPSLT (red line), and biMigO:LN (green line).

mm x 5 mm) crystals[[2§4] supplied by a collaborating institude, H. Ishizuki and Prof. T.
Taira (Institute for Molecular Science, Okazaki, Japan)ithithis MgO:PPLN, amplification
of the whole seed spectrum is expected, leading to few-qyalge generation in the infrared.
Although MgO:PPSLT and bulk MgO:LN are not used in this expent, especially, in the case
of higher-energy pulse amplification, a higher damage Huiglsof MgO:SLT and much larger
available aperture size of bulk LN might be superior to the tamage threshold and a limited
aperture size of MgO:SLN. Other periodically-poled noeén crystals such as PPKTP and PP-
KTA and bulk crystal KNbQ also have not been tried. This is because their use is rarthaind
properties for the OPA application are equivalent or iflecompared to PPSLN, although they
exhibit stronger tolerance for the photorefractive effaetl this advantage could be preferable
for some cases.

4.4 Upgrade of the Nd:YLF pump amplifier for the infrared
OPCPA system

In this section, we describe upgrade of the optically syoized Nd:YLF regenerative amplifier
established in Sectign B.3. Additional post amplifiers dae¢d after the Nd:YLF regenerative
amplifier seeded with the Ti:sapphire oscillator in ordeintrease the picosecond output pulse
energy to more than 11 mJ. Because of cumulative nonlinezetsfin the Nd:YLF amplifier, two
intracavity etalons are used to stretch the amplified pulsatibn, resulting in smoother high-
energy, high-intensity pulse generation from the amplifigain. Details about the two etalon
approach is described in Appendik D.
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In the Nd:YLF amplifier, the KDP Pockels cell has been exchanged with a BBO Pock-
els cell. This exchange enables higher-energy and higheeipoperation of the regenerative
amplifier [26%] because of the low absorption of the fundatadight at 1053 nm and BBO'’s
stronger resistance to the heat deposition thariKIB better thermal property of BBO and the
improvement of the amplifier cavity resulted in the highetpo energy of more than 4 mJ at
1 kHz repetition rate and saturation of the amplified pulsgaturation of the amplified pulse
is caused by a nonlinear loss of the fundamental amplifiedepbécause a part of the ampli-
fied pulse is converted to second harmonics generated in theRRi8&els cell in contrast to the
KD*P Pockels cell. The stronger amplified pulse loses more gerg to the higher conversion
of the fundamental pulses into the second harmonics.

To examine picosecond amplification with the weak seed pulsdried to compare the out-
put between th&-switched and the seeded operations as described in S@#forHowever
we could not precisely measure the output ratio of the matif¥id:YLF regenerative amplifier
between th&-switched and the seeded operations. This is because § dagign is dramati-
cally dependent on the thermal condition of the Nd:YLF rotiefiefore the round-trip gain and
the amplifier performance become dependent on the theraaldo the Nd:YLF rod and, con-
sequently, its output power itself. A less output energyhm@-switched operation, compared
to the output of the seeded amplifier, changes the amplifiéoqmeance from the seeded oper-
ation so that simple comparison of the output powers betwiee®-switched and the seeded
operations is not possible anymore. Therefore, as showigind®, we measured the shot-to-
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Figure 4.6: Regenerative amplifier output energy with antheut the seed. (A): Output energy
change due to the variation of the thermal condition in theatga(B): Expanded plot around the
seed interception.

shot output energy with and without the seed pulse. The o@pergy after the seed injection
slowly increases for about 2.5 seconds to reach saturatmmd the 4-mJ output energy and
the Q-switched output also decreases slowly with the same tirake sfter the seed blocked.
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By comparing the output energy just before and after the sgedception, the output energy
ratio between th€-switched and the seeded operations can be determinedHimpidt as 1/2
because, in such a time scale, thermal condition of the NB:Mld is not changed so much. This
value satisfies the criterion for clean pulse amplificatiefired in Sectiofi 34. This ratio is im-
proved from the previous amplifier configuration mainly hesmof the 5 times higher spectral
intensity around 1053 nm of an improved Ti:sapphire odaila

The 4-mJ output pulses from the regenerative amplifier ané teea post-amplifier chain
consisting of two home-made continuous-diode-laser Né&gain modules. A first module
(Nd:YLF 2 in Fig.[4.1D) contains a 63-mm-long 3-mm-diameteyut Nd:YLF rod. This module
exhibits a single-pass gain of about 2 with the diode-lasergp well below the fracture limit of
the Nd:YLF rod (about 50-60 W/cm in our case). A second modhigYLF 3 in Fig. [4.1D)
contains a 120-mm-long 4-mm-diameter a-cut Nd:YLF rod axtdlets a slightly less single-
pass gain of 1.8. These Nd:YLF crystals of the two module®aented such that their c-axes
become orthogonal with each other. This configuration helgesmpensate the elliptical thermal
lens of the YLF crystal. Additionally a cylindrical lens itaged between the modules for further
compensation of the ellipticity of the beam. Taking into@aat self-focusing of the amplified
beam propagating in the long Nd:YLF rod, the beam size isyup&d by an appropriate lens
such that the clipping of the transmitted beam by the Nd:Yadrdisappears at the highest output
operation. With this optimization, a maximum output enes§¥2 mJ at 1 kHz is achieved using
high pump-diode input power close to the fracture limit. Avéy safe pump power results in
the less output energy of 11 mJ at 1 kHz. Its beam profile is shaowFig. (A). We have
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Figure 4.7: Output beam profiles from the Nd:YLF amplifierichgA): Beam profile of 11.2-
mJ output pulses from the two post-amplifiers following thee XLF regenerative amplifier. (B):
Beam profile of 15.1-mJ output pulses from the three post-idiensl

measured autocorrelation traces of the output pulse frenptist amplifier chain following the
Nd:YLF regenerative amplifier with a single etalon inside.e \bbserved multiple prominent
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Figure 4.8: Autocorrelation traces of the amplified outpuisps from the post amplifier. Auto-
correlation traces of the post-amplifier 1-mJ output pu(béeck line) and of the post-amplifier
1-mJ output pulses (red dashed line), clearly indicatimgahlse temporal narrowing effect.

peaks in the autocorrelation trace and attributed this @memon to a shallow ripples introduced
by a single etalon and its enhancement by a self-compres$iect caused by SPM and gain
narrowing [ZOP[Z2111]. Therefore, to stretch the amplifietspunore and remove the ripples,
two etalons are inserted in the regenerative cavity. This-dtalon approach is theoretically
demonstrated to cancel out ripples introduced by indviétabns and its details are described
in Appendix[D. Fig.[4.B shows the measured autocorrelatiaces of resultant 1-mJ and 12-
mJ output pulses from the post-amplifier chain adopting Weedtalon inside the regenerative
cavity. Because the 1-mJ pulses are obtained by attenu&igngegenerative amplifier output
pulses in front of the post amplifier, difference of the pudseations of 1-mJ and 12-mJ output
pulses is caused by the self-compression effect caused Mya®& gain-narrowing in the post
amplifiers [209[ 211]. The pulse duration at the full outpug®y operation is 40 ps, assuming a
Gaussian pulse temporal profile. Although we have succeedgotaining an output energy of
17 mJ from an additional third Nd:YLF amplifier using the sangstal as in the second module,
the output pulses from the three post amplifiers are sevdisigrted so they are less usable as
OPCPA pump pulses than the 11-mJ pulse from the two amplifidris. is because the critical
degradation of the spatial and temporal pulse profile effelgt reduces the usable energy. A
beam profile presented in Fi§. B.7 (B) shows the sharp pealeatehter of the beam due to
the self-focusing in the last amplifier, although the diffran at the exit of the third amplifier
clips an output beam profile, causing the diffraction pattérhis is because the intense part of
the input beam self-focuses more strongly during propagaii the third post amplifier than the
wings. TheB-integrals accumulated in the post-amplifiers are estidhase0.54 for 2 stages and
1.14 for 3 stages.

In summary, the optically synchronized Nd:YLF amplifier ch& upgraded with the two
additional boosters and produces the 11-mJ pulses at tlidz Tdpetition rate. These output
pulses will be used as a pump source for the infrared OPCPAmytst be described in the next
section. Further upgrade of the amplifier seems to be diffand, at least, the rod aperture size
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has to be increased to avoid nonlinear effects in a long NE:hdd.

4.5 Few-cycle high-energy infrared optical pulse generation
by use of OPCPA

Introduction

In this section, we demonstrate the experimental impleatemt of a MgO:PPSLN OPCPA sys-
tem by use of the optically synchronized Nd:YLF pump lasemilar to the stretching and
compression method adopted in near-infrared OPCPA, we usedeh down-chirping stretcher
and up-chirping compressor for the dispersion control e@@PCPA system. The infrared seed
pulses are negatively stretched in a Dazzler prior to tharpatric amplifiers. The stretched
pulses are amplified in two OPA stages using MgO:PPLNs. Thelibed pulses are com-
pressed by the chromatic dispersion of silicon (Si) downboua 20 fs. The compressed pulses
are characterized by FROG using surface-third-harmomeggion (THG FROG)[[Z66].

Pulse stretching and compression

The infrared Dazzler functions as both a main stretcher aedidual dispersion compensator in
infrared OPCPA (IR OPCPA) in contrast to the near-infrared OR@®ter coarse pulse com-
pression, the Dazzler corrects for the residual spectras@hvhose information is obtained by
the THG FROG measurement. The Dazzler gives negative digpen the infrared seed pulses,
stretching it to about 13 ps in the spectral range from 1.8.8o@n. After amplification of
the down-chirped seed pulses, positively dispersive 56tamg Si compresses the amplified
stretched pulses from 13 ps down to about 20 fs. The advantdge bulk compressor approach
is the excellent transmission of the pulse energy and itplgity without causing spatial chirp
usual in CPA based on a grating compressor. FFigl 4.9 showscala#d group delay of the
stretcher, amplifier, and compressor: sign-inversed {pligd by —1) group delay of 50-mm-
long Si (black line), sign-inversed group delay of 6-mmgdvigO:LN (red line), group delay of
TeO, (ordinary wave) (blue line), and group delay of Te@xtraordinary wave) (orange line).
A refractive index of Si is available in Eq._AJ18 in Appendik Refractive indices of Te®in
the infrared region are given in Ref. J267] and in Elgs. A.14AriH in AppendixA. Note that
these Sellmeier equations are different from those useithéadispersion calculation in the near-
infrared OPCPA stretcher. The diffracted beam by the acoustve in the Dazzler propagates
in TeG, as an extraordinary wave. An angle between the polarizaii@ction of the diffracted
beam and the optical axis of Te@ 51.5. This means that the propagation direction of the
diffracted beam is 385away from the optical axis. This is included in the dispanstalcula-
tion of TeQ, for the extraordinary wave. The sign of the group delay ofrisi BIgO:PPSLN is
inverted to represent the dispersion to be compensatecetiydhzler. Although, in Figl 4.9, an
offset of each group delay is arbitrarily subtracted, re¢atlifference between the group delays
in TeO, (ordinary wave) and Teg(extraordinary wave) has been kept constant. In Fid. 4.9, a
range between the group delays of the ordinary (thick bhes) land extraordinary (thick orange
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Figure 4.9: Calculated group delay of the stretcher, amplified compressor for IR OPCPA.
Sign-inversed group delay of 50-mm-long Si (black lineynsinversed group delay of 6-mm-
long MgO:PPSLN (red line), group delay of 45-mm-long BgDazzler crystal) for an ordinary

wave (blue line), and group delay of 45-mm-long Be@r an extraordinary wave (orange line).
Note that, although, all group delays have been arbitraffilyet, difference between the group
delays of Te@ (ordinary wave) and Te&(extraordinary wave) is kept constant.

line) waves in Te@ indicates the dispersion compressible by use of the DazEtarexample,
shown in Fig[4]9, the Dazzler can only compensate the digpeof 50-mm-long Si (black line)
in the wavelength range from 1.8 to 2t8n. From a different point of view, the Dazzler can
stretch an input pulse to about 10 to 15 ps regardless of éstgpn. The amount of stretching
given by the Dazzler is determined by the difference of tloeigrdelay between the ordinary and
extraordinary waves and the length of the Dazzler.

Infrared optical parametric amplifier with the Dazzler stretcher and bulk
compressor

In this section, we describe the implementation of the neftlcoptical parametric amplifier with
the stretcher and compressor by use of an optically synadedmNd:YLF pump amplifier chain.
The schematics of the infrared OPCPA system is presented)irfdELD. Output pulses from a
broadband Ti:sapphire oscillator are split by a dichroicranj which reflects a seed pulse at 800
nm for the Ti:sapphire amplifier (Spitfire, Spectra phys@s)l transmits a seed pulse at 1053
nm for the Nd:YLF amplifier, respectively. We have previguséscribed generation of the seed
pulses for the infrared OPCPA based on DFG in MgO:PPSLN, tkdisg scheme from the
Ti:sapphire oscillator into the Nd:YLF regenerative arfipti and the upgrade of the Nd:YLF
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Figure 4.10: Layout of the infrared OPCPA system. BS 1: beattespleflecting a seed pulse at
800 nm for the Ti:sapphire amplifier and transmitting a se@deat 1053 nm for the Nd:YLF
amplifier; Fl: Faraday isolator; TFP: thin-film polarizer/2: half-wave plate; FR: Faraday ro-
tator; A/4: quarter-wave plate; PC: BBO Pockels cell; NdYLF 1: contums#aser-diode gain
module (Northrop Grumman Cutting Edge Optronics) with a 68-tang 3-mm-in-diameter a-
cut Nd:YLF rod; Etalons: 0.7-mm- and 1.0-mme-thick uncodtesd silica windows; Nd:YLF 2:
home-made laser-diode gain module with a 63-mm-long 3-maiameter a-cut Nd:YLF rod;
Nd:YLF 3: home-made laser-diode gain module with a 120-rangl4-mm-in-diameter a-cut
Nd:YLF rod; BS 2: beamsplitter to split the pump pulses to & éingl second stages; BS mirrors:
three band-stop mirrors; CMs: pair of two chirped mirrors;@MPBF generator (MgO:PPSLN
with an 11.21pm QPM period (HC Photonics)); Dazzler: acousto-optic paogmable disper-
sive filter (Fastlite); PPLN 1: first parametric amplifier gggausing 3-mm-thick MgO:PPSLN
with a 30.2um QPM period (HC Photonics); PPLN 2: second parametric direpitage using
3-mme-thick MgO:PP congruent LN (MgO:PPCLN) with a 30.6 or&m QPM period; THG
FROG: THG FROG apparatus.

amplifier chain with additional two post amplifiers in Seasd4.2,[3]3, an@ 4.4, respectively.
The Ti:sapphire oscillator spectrum is plotted in Fig. ¥#.The spectral regions used as the seeds
for the Spitfire and Nd:YLF regenerative amplifiers are iaticl, respectively. The OPCPA seed
pulse generated in the DFG crystal is collimated and sehet®azzler, which only diffracts 10%

of the input pulse energy to the output pulse energy. Aftaraspope behind the Dazzler changes
the vertical polarization of the DF to the horizontal patation, the seed beam is focused to 180
yum in diameter (FWHM) at the first parametric crystal (MgO:PBlad overlapped with the
pump beam. The about 3Q03 pump beam is focused to the same diameter as the seedgleadin
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Figure 4.11: Ti:sapphire oscillator spectrum. Spectragiaes used as the seeds for the
Ti:sapphire amplifier and the Nd:YLF regenerative amplifiex indicated.

to the pump intensity of about 10 GW/émat the first parametric amplifier. Pulse intensity of
more than 20 GW/cRwould results in, first, a prominent photorefractive eff@&8g]. The even
stronger pump pulses cause the damage on the surface ofste cThe first OPA stage employs
a 3-mme-thick, 1-mm-wide, 3-mm-high MgO:PPSLN crystal (H@oRonics) with a QPM period
of 30.2 um. To maximize the gain bandwidth, we have tried several ggoes between the
seed and pump beams and found the external noncollineaigtg af about 3 is optimum for
broadband amplification and the output pulse energy. Thinear crystal is heated to about 280
°C to avoid the photorefractive effect. Because of the tentperalependence of the refractive
index of MgO:SLN, fine tuning of the crystal temperature soah good tool for the control of
the gain bandwidth and the output power. Although the aneplifieed energy reaches up to 10
uJ without causing the damage on the surface of the paranceystal, we have kept the pump
intensity lower than the maximum intensity in order not tbamce the superfluorescence, which
would be successively amplified in the second stage. Amgldgam is recollimated to 1.2 mm
in diameter and sent to the second OPA stage. The pump beamtlieNd:YLF amplifier is
also collimated up to the same diameter as the seed beanitjmgsn the pump intensity of
10 GW/cnt with the pump energy of 9 mJ. The pump beam profile at the sestu# before
up-collimation is shown in Fig[ 4.Jl2. The good pump beam [gas$i sustained from the post
Nd:YLF amplifiers even without the use of a relay-imagindi@que. The second stage crystal
is 5-mmx 5-mm aperture, 3-mm-thick MgO:PPCLN crystals with QPM pesiof 30.6 or 30.8
um. No difference in the performance of the parametric angplifias been observed between
the QPM periods of 30.6 and 308n. A noncollinearity angle of 4between the seed and pump
beams turned out to be optimum to maximize the gain bandvadththe output energy. The
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Figure 4.12: (A): Pump beam profile at the second parametnigifier stage. (B): Amplified
beam profile after the second-pass in the second paramespidier stage.

output energy obtained after first-pass amplification ilaBO0 uJ and further amplification is
gained by the second-pass with the retro-reflection cordtgur. The 5004J amplified pulse is
ejected from the amplifier part and sent to the beam expandeant of the Si pulse compressor.

Results of infrared parametric amplification are summarindelg. 4.13. Fig[4.13 plots an
amplified spectrum after the second stage (black line), guiiied spectrum after the first stage
(red line), a calculated gain curve (green line), and a slymeescence spectrum after the second
stage obtained by the interception of the seed pulse (bhad.liThe cut-off of the amplified
spectrum around 1.&em and 2.7um are attributed to the lack of the seed spectrum and the
diffraction range of the Dazzler, respectively. A good bgaafile of the amplified pulse after
the second stage, shown in Fig. 4.12 (B), is obtained. Theifeapbeam is spatially expanded
in order to avoid nonlinear effects in the bulk compressat aent to the 50-mm-long anti-
reflection-coated Si block. This is because of a relativégy lthird-order nonlinear refractive
index of Si [269]. The third-order nonlinear refractive @ndof Si, available in AppendiKE, is
about hundred times higher than that of fused silica. Afierdcompressor, the transmitted pulse
energy is reduced from 500J to 350uJ because of loss of optics and the absorption of the
second- and third-harmonics collinearly generated in tRA Crystal.

The infrared beam transmitting through the Si block is rémeited down and a part of the
output pulse is split and sent into a THG-FROG apparatus slwWwig. [4.1#. The beam splitters
are placed such that the dispersion of two arms are equddynded to be capable of the precise
measurement of the ultrashort pulses. The two infrared beamfocused onto the surface of
CaF, using a gold-coated parabolic mirror with the focal disen€50 mm. One of four third-
harmonic beams emitted at the surface is selected by a diggphaind focused by a Calens into
a multi-mode glass fiber connected to a visible spectroni@ezan Optics). The third-harmonic
spectrum is recorded at each delay point and a THG FROG tsam&ained. A temporal pulse
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Figure 4.13: Results of infrared parametric amplificatiompéfied spectrum after the second
stage (black line), amplified spectrum after the first stage line), calculated gain curve (green

line), and superfluorescence spectrum obtained after tumdestage by the interception of the
seed pulse (blue line).

Spectrometer Iris PM
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* Infrared pulse
from OPCPA
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Figure 4.14: THG FROG apparatus. BSs: dielectric beamsitPM: parabolic mirror (f=50
mm) coated with gold; Iris: diaphragm selecting only oneafrfthird harmonics emitted at the
surface of a Cajplate.
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(A) Measured THG Frog trace (B ) Reconstructed THG Frog trace
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Figure 4.15: Results of few-cycle infrared pulse charaz#tion by THG FROG. (A): measured
THG FROG trace; (B): reconstructed THG FROG trace; (C): reddetemporal pulse profile
(solid line) with the duration of 19.2 fs (FWHM) and temporafse (dashed line); (D): retrieved
spectral intensity (solid line) and phase (dashed line).

shape, temporal phase, spectral intensity, and spectssepére retrieved from the measured
FROG trace. The measured residual spectral phase is fettb#ioé Dazzler for its correction.
After several iterations, a typical FROG trace is obtained shown in Fig[4.15 (A). A FROG
retrieve program reconstructs a FROG trace presented irfdEl% (B). From the reconstructed
FROG trace, a temporal pulse profile (solid line) and a teaguivase (dashed line) are obtained
and shown in Fig[ 4.15 (C). A spectral intensity (solid line)ia spectral phase (dashed line) are
obtained and shown in Fif. 4]15 (D). The duration of the retroicted pulse is 19.2 fs (FWHM
of the intensity). 19.2 fs corresponds to the 2.7 opticalegt2.1um. A pulse with the duration
of about 16 fs is calculated by Fourier transform of the estd spectrum assuming a flat spectral
phase.

In summary, we have built the few-cycle, high-energy irdchOPCPA system producing
350-uJ, sub-20-fs optical pulses around Zufin at 1 kHz repetition rate. This system demon-
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strated chirped pulse amplification in this wavelength eabg use of the bulk stretcher and
compressor and, as a result, produces the highest-endrgghart (for the pulse with the du-
ration of less than hundred femtoseconds) laser pulsesimtrared. The CEP detection and
stabilization of the output pulses from the infrared OPCPsteyn will be described in a next
chapter by use of a novélto-3f nonlinear interferometry. In addition, another applioatof
high-harmonic generation in a noble gas will be describaedeakin the next chapter.



Chapter 5

Applications of few-cycle infrared pulses

5.1 Visible supercontinuum generation in solid-state materi-
als and CEP detection of infrared pulses by use of ari-
to-3f interferometry

5.1.1 Introduction

Advance in ultrafast optics has resulted in the productibextremely ultrashort pulses whose
duration corresponds to a few optical cycles of the carnethe visible to near-infrared
[E70,[234]. The CEP, defined as a carrier phase of an ultraphitsé at a peak of the pulse
envelope, has become a key parameter for the few-cycle passes [271]. Stabilization of the
CEP of Ti:sapphire oscillator pulses was achieved indep#hde@ two groups [272[ 273]. Sub-
sequently, a CEP-preserving Ti:sapphire amplifier was cocigtd and its phase-locked high-
energy output pulses was applied to generation of a CEP-depehigh-harmonic spectrum
in a noble gas[J19] and the demonstration of reproduciblglsiattosecond pulse generation
[BZ]. A key point in the use of few-cycle optical pulses foghiharmonic generation, single-
attosecond-pulse generation, and its application to spsazipic experiments is the stabilization
and control of its CEP. In this section, we will describe expental demonstration of visible
supercontinuum generation in solid-state materials byrtfrared pulses. Then, we will show
detection of the CEP of the few-cycle infrared pulses baseammel scheme, a uniqueto-3f
nonlinear interferometry, enabled by the spectral ovebepveen the visible supercontinuum
and the third-harmonics (TH) of the fundamental pulses.

5.1.2 Nonlinear interferometries for CEP detection

In this subsection, we describe the experimental schemthéodetection of the CEP of laser
pulses by use of nonlinear interferometries and its thexaidbackground. Detection and stabi-
lization of a CEO frequency of the ultrashort pulses from dllagor has been achieved usually
by use of af-to-2f nonlinear interferometrny[[2VZ, 278, 274, 275]. The CEO fetpy is the
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frequency of the pulse-to-pulse CEP drift. By use of this nodr interferometry, the CEO in-
formation can be derived from the phase information of thexspl interference between a high-
frequency components of an octave-spanning spectrurmelotai a photonic crystal fibefr [276]
and a second harmonics of its low-frequency component. Reckmance in a CEP-detection
technology has enabled another type of a nonlinear intarfetry, which is a ®-to-f nonlinear
interferometer based on the interference between the GiRedDF spectrum and the funda-
mental spectrum[221, 222, 198]. In the case of CEP detedfiarhigh-energy pulse, again, an
octave-spanning supercontinuum generated in a sapphieeywas used for afito-2f nonlinear
interferometer[[2747]. In both cases, the octave spanniegtspm is necessary for detection of
the CEP or CEO frequency to use th¢o-2f nonlinear interferometry. Theoretical background
of this f-to-2f nonlinear interferometry can be derived easily belpw] 231 is applicable to a
new f-to-3f nonlinear interferometry. A Gaussian input electric fiEldt) with a phase offset
between the carrier and envelope (CEE), can be expressed in the time domain as

2
Ei(t) O exp(—%) exp{—i (et + qep) } , (5.1)

where i is the imaginary unit and is a half width at 1/e of the electric field amplitude. An
electric field in the frequency domalfy (w) can be expressed by the Fourier transforredt)
as

4

=A1(w) exp(—idkep) - (5.3)

From this equation, a second-order nonlinear polarizatidhe frequency domaiﬁz(w) can be
derived as

2/ N2
E1(w) Dexp{—w} exp(—igep) , (5.2)

P (w) O exp(—2igkep) [:oﬂl(w’)ANl(w— w)dw'. (5.4)

A second-harmonic electric field in the frequency domBiiw) emitted by the second-order
nonlinear polarizatioi»(w) is given by

E2(w) OiPy(w), (5.5)
0 exp{—l Z(pcep— — / A (w w)do, (5.6)
= Ao(w )exp{—l (2%ep— 5) } (5.7)

From Egs. and 3.7, assuming a spectral overlap betweefutidamental and second-
harmonics and a relative group delgybetween them, the spectral intensity of the fundamental
and second-harmonics exhibits a CEP-dependent spededieirence term as

[(w) O [Al(w) exp(—igep) +Ao(w) exp{—i (2¢bep+ WTy — g) H 2, (5.8)

— | A1)+ |Bo(w) P + 2| A ()] | Ao (w)] cos(cpcep+ WTg — 7_21> : (5.9)
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The phase of the interference pattern is dependent on thegtE80 that CERp.ep shot-to-shot
change can be detected by the measurement of a interferergeefattern. The above derivation
can be extended in the case of th#o-3f interferometry and a resultant formula can be derived
as

I(w) O [Al(w) exp(—igep) + Az(w) exp{—i <3cpcep+ WTy — 7—2T> H ’ (5.10)
— | A1)+ |As(w)|*+ 2| A1 ()] |As(w)] cos<2(pcep+ WTy— 7—2T> : (5.11)

whereAg(w) is a spectral amplitude of a TH. We derived the CEP effect orptiase of the
interference pattern obtained by the nonlinear interfetoyn The phase shift of an interference
fringe is affected by the CEP of the laser pulses two times rfaréhe f-to-3f interferometry
than for thef-to-2f interferometry. From these dependence, we could distafgiiie order of
an optical nonlinear effect from the analysis of the amodnhe phase shift in the interference
pattern induced by a arbitrary CEP change. Therefore we @xalohine an origin of a unknown
nonlinear effect by this method. Later this technique walldsed to determine the physical origin
of the visible supercontinuum.

5.1.3 Visible supercontinuum generation in solid-state materials exd
with infrared pulses

As seen above, to obtain the information about the CEP of aashiort pulse, an octave-spanning
spectrum is necessary to utilize a nonlinear interferoymétor our case, because the few-cycle
infrared pulses obtained from the infrared OPCPA system dbae an octave-spanning spec-
trum, we have to resort to any spectral broadening to achiew&e have tried broadening by
two ways, spectral broadening in a gas-filled hollow filpe}] B8 supercontinuum generation in
solid-state material§ [V2]. The use of supercontinuum iggiom in solid-state materials turned
out to be the only choice for this purpose. The gas-filleddwliber did not produce any broad-
ening of the infrared pulses. The generated supercontinstiown in Fig. [5]1 (A) and (B),
has its broadened spectrum mainly in the visible and notdnrtfrared. SevergltJ compressed
pulses were focused by a concave mirror (f=100 mm) into parent materials (fused silica,
sapphire, and undoped YAG). Fip. 5.1 (A) shows visible sopetinuum spectra obtained with
1.5-mm-thick fused silica (blue line), 2.0-mm-thick sappl{green line), and 2.0-mm-thick un-
doped YAG (red line), compared to the fundamental spectrutimowt any sample (black line).
Fig. (B) shows the fundamental infrared pulse spectrutinoui any sample (black line) and
the broadened spectrum with sapphire (red line). From thisdi in the infrared range around
2.1 um, while a red wing of the fundamental spectrum was not exdngb much, its blue
part was slightly broadened in sapphire. However the fureddah spectrum is still not enough
broadened for CEP detection. Despite the unexpected spesigge of the obtained supercon-
tinuum, several features such as its conical emiss$ion 279, its large beam divergence more
than that of the fundament4l [280], and its polarizatiomtitl to the fundamental pulses were
convincing, to some extent, to be identified as the supeiroaunn.
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Figure 5.1: Spectral broadening of the few-cycle infrareld@in solids: generation of supercon-
tinuum in the visible. (A): supercontinua in the visible aioted with 1.5-mm-thick fused silica
(blue line), 2.0-mm-thick sapphire (green line), and 2.@Hthick undoped YAG (red line) and
the fundamental spectrum without any sample (black linB). Fundamental spectra without
broadening (black line) and with broadening in sapphird (iree).

In the early days, spectral broadening of the nanosecaubs@cond pulses has been ob-
served in liquid [Z81] and solid [ZBZ, 483] and main conttibo to spectral broadening has
been attributed to the SPM effect. Because of the availglaifiultrashort laser pulses with the
duration of hundred femtoseconds from 1980s, supercamtirgeneration has been observed by
use of femtosecond laser pulsgg[87]. In the case of the f&oomd pump pulse, self-steepening
of the exciting pulse as well as SPM plays an important roteéspectral broadeninf [284]. Al-
though the wider broadening should be expected for a sanifiielve higher Kerr-nonlinearity
in this scenario this is not the case in the real experinjédl][and even supercontinuum in a less
nonlinear medium proves to be broader]286]. A currentlyeated scenario is that self-focusing
and self-steepening of the ultrashort laser pulse congituthe asymmetric broadening J287]
and self-focusing is halted before the catastrophic pudegse due to the negative contribution
to the refractive index from the plasmas created by the piuition ionization in the medium.
Therefore the cut-off of spectral broadening becomes digogron the band gap of a medium and
the cut-off becomes more extended for a medium with the highed gap[[286, 28§, 28R, 280].
This tendency is clearly observed in F[g.]5.1. The supeheonm obtained in the fused silica,
which has the highest band gap among the three samples halsi¢isé cut-off of the supercon-
tinuum and the undoped YAG resulted in the spectral broadeini the infrared region. So far
the longest wavelength of pump pulses, which can generasidevsupercontinuum, is 1/5m
[E90]. To confirm the origin of the visible emission, where CiRection and stabilization will
be achieved by use of nonlinear interferometry, the spleghase relation between the funda-
mental and supercontinuum could be derived using the almweutation of CEP dependence
from the spectral phase of the interference pattern. In éx¢ subsection, nonlinear interfer-
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ometry will be achieved by spectrally overlapping the THoé fundamental and the obtained
visible supercontinuum possibly around 700 nm (ato-3f nonlinear interferometry) and we
will study its phase dependence on the CEP.

5.1.4 f-to-3f nonlinear interferometer based on visible continuum and
third harmonics of infrared pulses

(A) VD [B) 4000

BBO
(THG crystal)

Supercontinuum THG SHG

3000

2000

Iris
M \ 1000 -

= \ Sapphire] \/

“L?an?ré‘éééfe 400 500 69—"700 800 900 1000
Wavelength (nm)

Counts

Figure 5.2: (A): Setup of thé-to-3f nonlinear interferometer. VD: variable delay; Wedges:
fused silica wedge pair; BBO: BBO crystal for THG; BS: beamsplittes: diaphragm for
mode selection; PL: polarizer; OMA: optical multichanneblyzer (spectrometer). (B): Spectra
of the TH (red line, indicated as THG) and the supercontin(iiore line). Note that the red line
has another peak, which results from the second harmonite afifrared generated from BBO
used for THG.

In this subsection, we describe the implementation offtfie-3f nonlinear interferometry
by use of the TH of the infrared fundamental pulses and \a@ssioipercontinuum. Fid. $.2 (A)
shows an experimental setup for th&o-3f nonlinear interferometry. In one of two arms of the
interferometer, the TH of the infrared fundamental pulsgaserated in the type b6o— €)
phase-matching 1-mm-thick BBO cryst@l [291]. In the other atme supercontinuum is gen-
erated in a 2-mm-thick sapphire plate because sapphire ris mbust than the undoped YAG
and produces supercontinuum with a more appropriate spesterlap with the TH than fused
silica. Fig. [5.2 (B) plots the spectra of the TH (red line, sated as THG) obtained in BBO
and the supercontinuum (blue line) in sapphire. The secanddnics of the fundamental pulse,
indicated as SHG in Fig[_§.2 (B), was simultaneously gendarat&BO with almost the same
condition as THG. We failed to spectrally overlap the SH aktd@ 2f -to-3f nonlinear interfer-
ometry) by this way because of the lack of the fundamentadtsplebandwidth. The two beams
are spatially overlapped by a beamsplitter and their odhagpolarizations are mixed by use of
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a cubic polarizer. The combined beam is focused into a fibenected to an optical multichan-
nel analyzer (spectrometer). Measured interferogramstayen in Fig.[5J3. The left graph in
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Figure 5.3: Interferogram and CEP stability measurementt: ksengle-shot interferogram and
Right: successively obtained interferograms.

Fig. 5.3 is a single-shot interferogram in the overlappegiore and shows a clear interference
fringe in the overlapped region. This interference patteas dependent on the relative delay
between the two interferometer arms and not observed whewnfdhe two interferometer arms
was blocked. The right trace is a shot-to-shot interfenogegcumulated for 1 ms. This trace
clearly shows that the phase of the interferogram is kepsteoh and indicates that the CEP is
stabilized by the DFG process and preserved during paremaetiplification. We have checked
the phase dependence of the interferogram on the CEP. A filsadrgdge pair was inserted in
front of the interferometer to shift the CEP. The differenEgrup and phase velocities of light
is used to alter the relative phase of the carrier respetietptilse envelope. The change of the
fused silica thicknesAL is related to the CERq@cgp shift as

AL
Vp—Vg’

Agcep= tx (5.12)

whereax is a central angular frequency of the infrared pulse gndndvy are the phase ve-
locity and group velocity, respectively. We scanned theedusilica wedge and recorded the

interferogram at each insertion depth. Hg.] 5.4 (A) remnesthe recorded interferogram with
different wedge insertion depth. An x-axis represents ifferdntial insertion depth from the
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Figure 5.4: (A): Phase shift of the interference patternigy@EP shift. (B): Phase shift depen-
dence on the fused silica thickness and the resultant CEficRreé phase shift (blue line) when
the phase shift of the interferogram is related to two tinte# ef the CEP and predicted phase
shift (red line) when the phase shift of the interferograredsal to the shift of the CEP.

first measurement point and a white line is drawn for a guideaf} a phase of the interference
pattern shifts almost linearly with the fused silica ingertdepth, indicating this interferometer
is a nonlinear interferometgr [253]. To the amount of thesgtdrift, the phase of the interference
pattern is retrieved by use of the Fourier transform teamif?92,[298]. An average value of
intensity-weighted spectral phases at each scan pointtieglin Fig[5.4 (B). The equatidn 5]12
can relate the fused silica insertion depth and CEP phage briFig 5.4 (B), the interference
pattern phase and the fused silica insertion depth arecetet a red line for thé-to-2f nonlin-

ear interferometry, where the phase change of the intexderpattern is equivalent to the change
of the CEP, and as a blue line for tlieto-3f nonlinear interferometry, where the phase change
of the interference pattern is two times more than the chafglee CEP. The measured phase
data are fit on the line for thé-to-3f nonlinear interferometry and a linear fit of the data gives
a slope value of 2.28 0.01. This is quite close to 2 and clear demonstration of thdimear
interference fringe drift equal tog@2ep. and indicates that the supercontinuum has the same CEP
dependence as the fundamental because the TH carxig3E3P and their difference should be 2
x CEP. Although it is possible that this supercontinuum carsie CEP, however the fifth-order
nonlinear effect is unlikely with such weak pulse energy #mewavelength of the supercon-
tinuum does not corresponds to the fifth harmonics of theareft pulse so that we exclude this
possibility. Therefore the broadband visible emissiomftoansparent media can be concluded
as the supercontinuum generation carrying the same CEP asteemental.

In summary, we have observed and characterized the visibigs®n from the transparent
solid-state materials. We attributed this visible emissmthe supercontinuum by the ultrafast
infrared optical pulse. This was confirmed by th¢o-3f nonlinear interferometry and the ex-
amination of the relationship between the nonlinear ieterice phase shift and the CEP shift.
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We have constructed the novelto-3f nonlinear interferometer, which demonstrated the CEP
stabilization by the DFG process and its preservation dutie OPA process and the propagation
through the stretcher and compressor.

5.2 High-harmonic generation by use of few-cycle infrared
pulses

In this section, we demonstrate optical HHG of the few-cyafeared laser pulses in a noble gas.
The infrared driver laser is expected to extend the cut-o#frgy of the high-harmonics (HH)
compared to the near-infrared driver laser based on Titsegpnd CPA.

After the first demonstration of third-harmonic generatiiB8], generation of odd-order op-
tical harmonics in gases has been extensively investigatagse of high-peak intensity laser
pulses with the relatively long nano- and picosecond domdfZ94,[29p[ 296] 297, 2P8]. From
these experiments, a mechanism of HHG and a physical exparat its cut-off energy have
been derived and[[ZP9] and explained in detail by a three+stedel [30D] illustrated in Fid. 5.5.
First, a bound electron in an atom is ionized either by tungeabnization through a suppressed

H/ \ / -

lonization and acceleration Deceleration Recombination and emission

(A) (B) (C)

Figure 5.5: Illustration of the three-step model accounfor optical HHG. (A): bound electron
ionized from an atom by tunneling ionization through theegmtial barrier or multiphoton ion-
ization under a laser field and the ionized electron acdelétay the laser field. (B): The moving
electron decelerated by the inversed laser field. (C): Thieetictron accelerated toward the
parent nucleus and recombined with an emission of an extt&vh@UV) or X-ray photon.

Coulomb barrier under the strong laser figld [301] or by mbbion ionization [302]. A dom-
inant process between these two ionization mechanism$withainly determined by the laser
field strength and its wavelength. Secondly, the ejectesldtectron is accelerated by the laser
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field and, successively, decelerated by the inversed laddrditer a half carrier cycle. Finally,
further deceleration changes the direction of the eleatrotion toward the parent atom and the
electron is interacted with the parent atom with certairbptmlity and recombined with it. The
recombination accompanies an emission of an EUV or softyheton, whose the energy cor-
responds to the sum of the kinetic energy acquired duringlation and an atomic ionization
potential energy. Therefore the emitted photon energymesadependent on the laser carrier
period and the atomic ionization potential energy. Theaffienergy was empirically determined
[99] and, later, derived using a semi-classical model[380

Aoyt =1p +3.17Up (5.13)
2E2

- OIA2 14

Yp = ama? ’ (5.14)

wherel,, is the atomic ionization potential enerdy, is a ponderomotive or quiver energy given
to the free electron by the laser fiel,is the amplitude of the laser fieldy, I, andA are an
angular frequency, intensity, and wavelength of the lasésg) ande andm is the charge and
mass of the electron. In addition to this formula, a criterioalled Keldysh parametgr [301],
determines a dominant process for the electron ionizatimlieuthe strong laser field either by
the tunneling ionization through a suppressed Coulombdyaoriby the multiphoton ionization.
This can be expressed as

_(Ip :
y— (ﬂ) , (5.15)

Wheny < 1, the tunneling ionization becomes dominant over the ipluttion ionization[[301].
Although the cut-off energy of the HH increases linearlyhatihe laser intensity, at some point,
this formula becomes inapplicable in the case of strongediepl of the electric ground-state
of an atom and resultant plasmas generated in the tdrgél [S&&eral options can be found
to maximize the cut-off energy with the fixed driver laser el@ngth. One way is the use of
shorter pump pulse, which are able to use efficiently the piggk intensity without problems
of pre-ionization of a target caused by a long pu[se][304]. By approach, recent advance in
ultrahigh-peak few-cycle laser pulse generation has gl cut-off limit to the keV range
[B03, [306,[30/7] Another way is to use an ion as a targef] [£99] B8cause it possesses a higher
ionization potential energy than a neutral atom. In addjteonovel technique using a modulated
gas target is capable of quasi-phase-matching betweenftaesd and X-ray pulses and resulted
in the keV-level HHG [30P] 310]. However these demonstretionly observed the keV photon
yield in the very edge of the generated HH spectrum and itstsgdentensity is quite low.

The use of the infrared driver laser is more promising roatdhé extension of the HH cut-
off, whose energy scales with the square of the driver lasselgngth indicated in Ed._5]14.
However so far HHG experiments have been exclusively imyat&d with a Ti:sapphire driver
laser around 800 nm. A switch of the driver laser wavelengtimfthe near-infrared to the
infrared would result in the tremendous improvement in tkteresion of the HH photon energy.
However only few theoretical and experimental works havenb#emonstrated so far about this
topic: theoretical works on HHG cut-off extension by infrdrexciting pulsed[311, 3[12] and few
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preliminary demonstration§ [313, 314]. In these studieStehyet al. [BI3] observed up to the
19th harmonics by use of 3¢m picosecond drive laser pulses exciting rubidium atoms.hBnS

et al. [BT4] revealed the cut-off dependence on the driving lasmrelength using argon (Ar)
and xenon as targets and achieved up to 150-eV high harmwiticthe Ar gas jet. Our infrared
few-cycle laser source described in Chater 4 is a quitecétteadevice for this application.
The central wavelength of about 2uin of the infrared laser pulses is 2.7 times longer than that
of the Ti:sapphire laser, resulting in a 7-times higher mwochotive energy. Simple theoretical
calculations employing the single atom response withaaptiopagation effect of the generated
HH predict the extension of the cut-off up to 400 eV with an &mget and a 2.1#m driver laser,
and above 1 keV with a neon (Ne) target [314].

C2 C1

CCD W

Figure 5.6: Experimental setup for HHG. L: Calens with a focal distance of 100 mm; W:
CaF, entrance window set at the Brewster angle; C1: HHG vacuum cégribgas target (a
squeezed Ni tube with holes); P1: diaphragm for alignment;eg2@erimental vacuum chamber;
F: 150-nm-thick zirconium (Zr) filter; P2: vacuum isolatiditter between C1 and C2; CCD:
back illuminated CCD, which can resolve a spectrum of the hagimionics.

The setup for the HHG experiment is shown in Hig] 5.6. Theairefd laser pulses (357,
20 fs) from the infrared OPCPA system were focused with a,d#&®-mm lens (L in Fig[ 5]6)
into the target. The laser beam propagates through holes orathoth surfaces of a Ni tube
filled with a pressurized noble gas (T in Fif. ]5.6). The tubs wqueezed to about 1 mm in
order to avoid the phase-mismatch accumulated in the lalegaiction length. Measured focal
spot size of the infrared pulses was about 88 in diameter (FWHM). The resultant intensity
at the focus is about.1 x 10'° GW/cn?. From these numbers and the use of an Ar as a target,
Keldysh parametey in Eq. [5.I5 becomes 0.13 , which indicates that ionizatiodoisinated
by the tunneling ionization. The ellipticity of the polasitton was measured as less than 0.5%
in the intensity (7% in amplitude). The ellipticity of theide laser has been proven to decrease
the high-harmonic photon yield T3[15]. A 150-nm-thick zindam filter (F in Fig.[5.B) is placed
behind the target to block the low harmonics and the stronddmental light. Another pinhole
(P2 in Fig. [5.p) separates vacuum conditions between thehambers. A back-illuminated
charge-coupled device (CCD) (CCD in F[g.]5.6), which is seresitiithin the photon energy of
from 1 eV to above 10 keV, is set up to attain the high-harmphmton. The CCD can resolve a
single photon energy by the conversion of the number of mlastgenerated in a pixel into the
photon energy. Therefore the number of photons capturedsingie pixel should be reduced
to much less than one per scan in order to be sure that onlytl@asne photon hits the single
pixel. Otherwise two photons detected in a pixel per scama@pe distinguished from a single



5.2 High-harmonic generation by use of few-cycle infrared plses 95

photon with the sum of the energies of two photons. We trieal hable gases, Ar and Ne, as
targets. With Ne, no harmonics had been observed due to thiedviver laser pulses. By use of
Ar with backpressure of several hundred mbar, high harnsdméwe been successfully obtained
and its measured spectrum is shown in Fig. 5.7 (black liredf)l{hear scale and right logarithmic
scale). The acquisition time to attain the data was aboutduss. Dark counts obtained with the
laser pulses and without Ar are shown in Hig] 5.7 (red lineg) esmparison. Further gas pressure

—— HHG spectrum by Ar target with 150 nm Zr filter —— HHG spectrum by Ar target with 150 nm Zr filter

500 Background counts without Ar and with laser 1000 Background counts without Ar and with laser

100 4
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Figure 5.7: High-harmonic spectrum by use of Ar as a targeitext with the few-cycle infrared
laser pulses: high-harmonics spectrum with the Ar targdttaa driver laser (black line: linear
scale in a left plot and logarithmic scale in a right plot) dattkground spectrum with the laser
and without the Ar gas (red line). The acquisition time of khgh-harmonic spectrum is about
1.5 hours.

decreased a photon yield because the vacuum pressure bint@r was estimated to introduce
the absorption of the generated X-ray. The experimentabffus about two times lower than
that of the calculation based on the single atom respgnsH.[3his effect can be explained by
the propagation and phase-mismatch effects in the gas jet.

In summary we have generated the high-order harmonics froargon gas target excited
by the few-cycle infrared laser pulses. We have observeduh®ff energy of the generated
harmonics around 250 eV. This is the highest photon energieeed by the HHG mechanism
in neutral Ar excited with a laser driver.
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Appendix A

Refractive indices (Sellmeier equations) of
crystals and optical materials

A.1 Refractive indices of birefringent crystals

Sellmeier equations used to calculate refractive indi€esme optical materials are listed below.
The unit of wavelength in the Sellmeier equationgiia.

e BBO (best set of Sellmeier eq., valid range UV - 25, [80]),

0.01878

2 2
_ 27350+ ——2°"C 401354 Al
"o 32001822 (A-1)
0.01224
2 2
_ 23753+ %% 0015161 A2
M 32001667 (A-2)

e BBO (better accuracy in the infrared absorption edge, validesUV - 3.2um, [B16]),

0.01878

A2-0.01822
0.01224

A2-0.01667

n2 = 2.7359+ —0.01471°+6.081x 10 %A% —6.740x 10 °A® (A.3)

n2 = 2.3753+ —0.01627A%+5.716x 10 %A% - 6.305x 10 °A® (A.4)

e LBO (best set of Sellmeier eq., valid range 0.23 - 118 [B17]),

0.01125

A2-0.01135
0.01277

A2-0.01189
0.01310

A2-0.01223

n2 =2.4542+ —0.01388\2 (A.5)

ng =2.5390+ —0.018492 +4.3025x 10 °A* —2.9131x 10 °A8 (A.6)

nZ =2.5865+ —0.018622+4.5778x 10 °A4 —3.2526x 10 °A% (A.7)
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e MgO:LiNbO3 (5 mol% MgO-doped congruent LiNk(at 294 K, valid range 0.4 - 5.0m,
[B18)),

21 242722 N 1.4617A2 N 9.6536) 2 (A8)
°7 "1 X2-0.01478' A2-0.05612 A2-371216 '
2.245M)2 1.300512 6.8972\2
2
-1 A.
e =1+ 32 001242 A2_0.05313 A2_33133 (A-9)

MgO:LiNbO3 (temperature dependent extraordinary refractive indigr, °C, [B19]),
Ft =(T —335) % (T +5645)
Cmgo =1.0270295- 4.56346827« 10°T

0.10047+ 3.862x 10 8Ft
A2 —(0.20692— 8.9 x 10-9Ft)2

n2 = {5.3558+ 4.6290% 10~ 'Ft +

100+ 2.657x 10 °Ft
A2—(11.349)7

Stoichiometric LiTaQ (valid range 0.44 - 1.0am, T in K, [B2Q]),
0.079841
A2 —-0.047857

0.082712
2 __
Me = 4.5096+ +5 0041306

Stoichiometric LiTaQ@ (temperature dependent extraordinary refractive indabigl vange
0.39-4.1um, T in K, [BZ23)),

—0.015334 2} /Cigo (A.10)

nZ = 4.5281+ —0.032690\2

—0.0315872

0.007294+ 3.483933x 108T2
2 (0.185087+ 1.607839x 10 8T2)2
0.073423 0.001

n2(A,T) =4.502483+ 5

—0.02357M? A.11
T A2_(0.1995952 " A2 — (7.997242 A11)
e TeO, (valid range 0.4 - 1.Qum, [B22]),
210+ 2.58472 N 1.157A2 (A12)
°© T T A2-(0.13422 ' 22— (0.26382 '
2.823)\2 1.54212
2
=1. A.l
e =10+ 2013422 T 22— (026312 A13)
o TeO, (better accuracy in the infrared, valid range 0.4 - @b, [267]),
3.71789% 0.07544?
2 _
o =10+ 3o 5106192 T A7— (2.611962 (A.19)
2 2
W2 =101 4.33449 0.14739 (A15)

22— (0202422 " 22— (4.936672
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A.2 Refractive indices of isotropic materials

SF57 (from Schott[[323]),

1.8165137A2 0.4288936412 1.071862782

~10
= O+ 3200143704198 2200592801172 A2_ 121419942

FS (valid from 0.210 to 3.712m, available in Chapter 33 of Ref. [324]),

0.6961663 2 N 0.4079426.2 N 0.8974794°2
A2—-(0.06840432 ' A2—(0.11624142 ' 22— (9.8961612

n=10+

Silicon (at room temperaturd, [325]),

0.939816 8.10461x 103+ (1.1071)2

_ 116858
n Tz T az- (110712

BK7 (from Schott, [326]),

1.039612122 0.231792344°2 1.01046943 2

=10
" + A2 — 0.00600069867—1_ A2 — 0.0200179144+ A2-103560653

(A.16)

(A.17)

(A.18)

(A.19)
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Appendix B

Comparison of electronic and optical
synchronizations

In Tab. [B.1, characteristics of optical synchronization atettronic synchronization between
the seed and pump pulses in an OPCPA system are summarizede®discussions are found
in Sectiond 2]5 anfd 3.2 for the electronic synchronizatiethmd and in Sectiorfs 3.8, B.4, and
B3 for the optical synchronization method.

Electronic Optical

synchronization synchronization
Timing jitter < few ps <1lps
(short term)
Timing drift several ten ps several ps
(long term)
Wavelength flexible flexible within
tunability oscillator’'s spectrum
Coarse timing everyday fixed oscillator rep. rate
(coarse timing realignment fixed amplifier path length
adjustment required required (fixed round trip)
Seed energy to high low (ASE problem)
pump amplifier
Handling complicated simple
Cost two oscillators | ultrabroadband oscillatof

+ locking electrics

Table B.1: Comparison of electronic and optical synchroiopainethods
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Appendix C

Saturation of Nd:YLF amplifier

In this appendix, the saturation effect in a regenerativpldier amplifier either by the average
power or by an individual energy is discussed. A simple fdaria calculate the accumulated
effective power or energy is also derived.

In Section[3B, th&-switched output power of more than 3 W from a Nd:YLF regetieza
amplifier was obtained. Let us compare the obtained outguttreith the saturation fluence and
intensity of Nd:YLF at 1053 nm. The saturation fluence andnstty of Nd:YLF at 1053 nm are
0.79 Jen? and 1.57 kWecn?, respectively. To calculate the pulse intensity in the negative
amplifier described in Sectidn 3.3, the amplified beam raaiatined by the half width at/&
of the peak intensity at the Nd:YLF crystal, is determinedasmm from Fig.[3]2. From this
radius, one can derive the effective mode area (Z)vand, consequently, the saturation energy
and power of 16 mJ and 31.6 W, respectively. In our case, tiferp@aince of the regenerative
amplifier operated at 1 kHz should be limited by energy séituwrand not by power saturation
because the fluorescence life-time of Nd:YLF is 330so that the roll-off frequency between the
power and energy saturation should be 2 kHz. The output giaedjpower from the regenerative
amplifier with the seed injected is 3.7 mJ and 3.7 W.

The effective intracavity energy and power are dependendmiy on the output energy and
power, but also on the initial seed energy and the gain intigaifier. This is because the total
energy and power of the pulses passing through the laseatmyghe cavity are accumulated
during amplification. The following formula is suitable talculate the optimistic (higher than
real) effective energiet+ and poweP:¢ in the cavity

n—1 n
-1
Eetf = 2 Einxg = %_1 Ein ~ gglEOUt’ (C.1)
n—1 n
- -1
Peff—i: Pln*glzz_lpmﬁgglpout, (C.2)

whereg, Ein, P, Eout(= Ein x g" 1), andP,(= Pn x g"1) are the single pass gain (not round
trip gain in the regenerative amplifier), input energy irite tegenerative amplifier, input power,
output energy from the regenerative amplifier, and outputgprespectively. In the pessimistic
(less than real) case, the values could be obtained by dgttie above results by the single-pass
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gain. The last approximations of the equations are verifiethb total gain much higher than
1 (@"! > 1). This equation does not take into account the loss andatiueagion effect in the
amplifier. In our system condition with a single pass gain.&fdnd output power of 3.7 mJ (3.7
W and 1 kHz), the effective energy in the cavity is calculaaedl1.1 mJ, which is close to the
Nd:YLF saturation energy of 16 mJ.
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Figure C.1: Output power and energy from the Nd:YLF amplified antracavity pulse train and
output pulse. (A): Output power (black line) and energy (ied) from the Nd:YLF amplifier
with a different repetition rate. (B): Intracavity pulseitrgblack line) and output pulse (red
line).

We have also investigated the roll-off frequency of the negative amplifier by changing its
repetition rate. The plot in Fid._G.1 shows the output powéadbline) and the output energy
(red line) from the regenerative amplifier. The output postays constant above about 750 Hz,
which contradicts with the above predicted 2 kHz roll-offduency. However, this character
has been pointed out from early Nd:YLF regenerative amplifevelopment[[21d, Z12]. Both
experiment observed the roll-off frequency of about 750 Hess. This fact is also shown in Fig.
C1, where an intracavity pulse train and an output pulse®Nt:YLF regenerative amplifier
are plotted. The intracavity pulse train does not show tleraaon by itself. However, when
one more round trip is added, the whole intracavity pulsa isgjust shifted to the right and the
output is not increased as would be expected by the rounddiip Despite of the discrepancy
from the simple calculation and experimental result, wectate that the regenerative amplifier
is saturated by the average power and not by the individuaépmnergy.



Appendix D

Spectral filtering effect in a regenerative
amplifier by use of an etalon

D.1 Introduction

In this appendix, we experimentally and theoretically gmalspectral filtering and pulse shaping
of a pulse by an etalon in an amplifier (either a regenerativglifier or a multipass amplifier).

As described in Sectign 3.3, the intense short strong ppisekiced in an amplifier without
any spectral filtering severely suffer from nonlinear effestich as self-phase modulation (SPM),
self-focusing (especially small-scale self-focusingjlsp splitting, and spectral broadening. To
avoid these effects and obtain a clean amplified pulse, wihicieases the usable energy in a
pump pulse used for OPA, the pulse has to be temporally berdteither before or during am-
plification. In addition, a controllable stretching tectuée would be quite attractive. Although
a pulse stretcher in front of the amplifier is frequently use@PA, in our case, the narrow gain
bandwidth of a Nd:YLF amplifier prevents the use of the chdrpelse amplification technique.
An etalon inside the amplifier cavity (a regenerative anglifs considered here instead of a
multipass amplifier) seems to be a promising candidate,wkisuggested by Drs. A. Michailo-
vas and J. Kolenda of EKSPLA Co. Ltd. in Lithuania. Anotherrmagh producing a long seed
pulse for a picosecond amplifier in a near-infrared OPCPAesy4L36] was demonstrated by
use of a 4-f system to select a narrow spectrum out of a brazdfator pulse spectrum. The
effect of the etalon can be explained both in the time anduigaqy domains. In the time do-
main, multiple reflections from the surfaces of the etal®ulten pulse stretching provided that
gaps between the multiple pulses are smaller than the indimlilse duration. In the frequency
domain, the periodically varying transmittance of the @taharrows the input pulse spectrum,
resulting in spectral filtering and pulse stretching. Iretatections, details of the effect of the
etalon inside an amplifier cavity will be analyzed.
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D.2 Etalon spectral filtering and gain narrowing

Usually the linear propagation of light through optics isrmeasily described in the frequency
domain than in the time domain.

Air (A) Material (B) Air
(Refractive index: 1) (Index: n) (Index: 1)
E|1 Ei2 Ei3 E|4
Er1 Er2 Er3 Er4
< >
L

Figure D.1: Configuration and parameters for the calculaifdhe etalon responsé&;;: electric
field incident on the air side of the surface (&);: electric field reflected on the surface (A&)3:
electric field transmitting through the surface (&)>: electric field returned from the material
side of the surface (A)E;3: electric field incident on the material side of the surfaBg €;3:
electric field reflected from the material side of the surfé@g Ejs: electric field transmitting
through the surface (BE;4: electric field coming into the air side of the surface (B) (=Uhe
material thickness is L.

In order to describe the light propagation through the etalee use a calculation procedure
written in a section "Electromagnetic Propagation in Pdidd/edia” in [B2T]. The configuration
and parameters are shown in Fjg.]D.1. With the boundary tiondiof the Maxwell equations
[BZ28,[70] and the approximation of monochromatic plane wagmally incident on the surface
(A), the relationships among the electric fields are deragd

Ei1+Er1: Ei2+Er2, (D-l)

ik (Ei1 — Er1) = ikn (Ei2 — Er2), (D.2)
Eiz = Eizexp(—iknL), (D.3)

Er3 = Eroexp(ikal ), (D.4)

Eis = Eiz+ Er3, (D.5)

ikn (Eiz — Er3) = ikEg, (D.6)

wherek (= w/c), kn (= nw/c), n, w, andc represent the wave vector of the monochromatic
wave in air, the wave vector in the material, the refractivéex of the material, the angular
frequency of the monochromatic wave, and the velocity ofliditg in vacuum, respectively. In

a real experiment, a slight tilt of the etalon is introduce@void the back reflection of the input
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beam into the amplifier and to match the peak of the etalorstn@tance to the peak of the
fluorescence spectrum of the laser medium.
After algebraic procedurek;j; andEj; are related as

1
Eip = {cos(knL) +i n; n sin(knL)} Eis, (D.7)
1 -1
s By {cos(knL) +irH2r n sin(knL)} En, (D.8)
(n+3)* B
= lia= {cosz(knL) +— sinz(knL)} liz, (D.9)

wherelis <D |Ei4|2> andlj1 (D ]Ei1\2> are the intensities of the output and input waves, re-
spectively. Consequently, formulas for transfer functiohthe amplitudelz (complex) and the
intensityT, (real) become

=7 1

B cos(kol) +i™5 sin(kel)
|i_4 _ 1

Te

, (D.10)

|- _ , (D.11)
1 o (kal) + ) i (kL)

respectively. Examples of the calculated single-passstnatances of a 50pan-thick fused
silica (black line), a 1-mm-thick fused silica (red linejydaa 500t m-thick sapphire (z-cut or
c-cut) (green line) and a 1.3-nm-wide simulated fluoresespectrum of Nd:YLF (blue line) are
plotted in Fig.[D.R, respectively. Another spectral filtgyieffect in the amplifier other than the
etalon effect is gain narrowing [p4]. The stimulated entiegiross section of the laser medium
varies with wavelength and so does the amount of gain. Dugethigher gain values at the cen-
tral region than at the wings, the spectrum is narrowed dwamplification. The amplified-pulse
spectrum becomes narrower with higher gain. Detailed gegun is available in many books
such as "Lasers” by A.E. Siegman [54]. A calculated resushiswn in Fig.[DJ3 for the single-
pass transmittance of the 5@0n-thick fused silica (black line), the 1.3-nm-wide (FWHM)-lu
orescence spectrum (red line), and a 0.27-nm-wide (FWHMpuiwpectrum obtained after
amplification of 18* (green line) at the peak of the fluorescence spectrum. In[Big.(A)
(in linear scale) and (B) (in logarithmic scale), a calculiegpectrum (black spectrum) including
gain narrowing is compared with the calculated amplifieccspancluding gain narrowing and
spectral filtering by the 0.8-mm-thick etalon (black lin@dagain narrowing and spectral filter-
ing by the 1.0-mm-thick etalon (red line). The comparisotwleen the spectral widths with and
without the etalon clearly demonstrates the spectral nangeffect of the etalon inside the am-
plifier and resultant effective stretching of the amplifiedse. From Fig[ D]4 (A), it also follows
that the neighboring maxima of the single-pass transnuéasf the etalon with respect to the
gain peak produces periodic modulation in the gain-nardoavaplified spectrum. This periodic
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Figure D.2: Etalon transmittances and the Nd:YLF fluoreseespectrum. Transmittances: a
500-um-thick fused silica (black line), a 1-mm-thick fused sdligred line), and a 50Qum-thick
sapphire (green line). A simulated Nd:YLF fluorescence spet(blue line).
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Figure D.3: Gain narrowing in the Nd:YLF amplifier: the siagdass transmittance of the 500-
pm-thick fused silica (black line), the 1.3-nm-wide (FWHM)dhescence spectrum (red line),
and a 0.27-nm-wide (FWHM) output spectrum obtained afterldication of 10 (green line)
at the peak of the fluorescence spectrum.
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—— with 0.8-mm-thick fused silica

—— Amplified spectrum without etalon

—— Amplified spectrum without etalon
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Figure D.4: Spectral filtering by the etalon and gain narngyiCalculated amplified spectra in
linear scale (A) and logarithmic scale (B) including gainroaing (black line), gain narrowing
and spectral filtering by the 0.8-mm-thick etalon (red lin@y)d gain narrowing and spectral

filtering by the 1.0-mm-thick etalon (green line).
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Figure D.5: Effects of gain narrowing and etalon spectrétrithg on temporal pulse profiles.
(A): Calculated temporal profiles of the amplified pulsesudahg gain narrowing and spectral
filtering by the 0.8-mm-thick etalon (black line) and gainmesving and spectral filtering by the
1.0-mm-thick etalon (red line). (B): Simulated (line) andasered (dotted line) autocorrelation
traces with the 0.8-mme-thick etalon (black) and the 1.0-thiok etalon (red), respectively.
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modulation of the spectrum causes ripples in the tempoddil@of the amplified pulse. Simu-

lated temporal pulse profiles including gain narrowing gmecsral filtering by the 0.8-mm-thick

etalon (black line) and gain narrowing and spectral filighy the 1.0-mm-thick etalon (red line)
are shown in Figl DJ]5 (A). Simulated (line) and measuredtédiline) autocorrelation traces (B)
with the 0.8-mm-thick etalon (black) and the 1.0-mm-thit&len (red) are shown in Fig. 1.5

(B). In Fig. [D.5 (B), the good correspondence between the sitadl(solid lines) and measured
(dotted lines) autocorrelation traces in the both casegubie 0.8-mm-thick etalon (black) and
the 1.0-mm-thick etalon (red), demonstrates the validityus model and calculation.

In the experiment, although the calculation shows the eWalipples in the amplified pulse
with the 0.8-mm thick etalon, the degradation of the pums@ulas been hardly noticeable.
However, further amplification of the pulse leads to obdelevaffects, which are enhanced dur-
ing amplification by the accumulated nonlinear effects. Xtinguish completely the ripples in
the temporal pulse profile, we have tried an idea to insertdifferent intracavity etalons, by
which the oscillation of the transmittance of one etalonasaelled out by the other. This re-
sults in a smoother amplified spectrum and a cleaner tempatsé profile. In Fig.[DI6 (A),
the measured autocorrelation traces of amplified pulsds eniergies of 1 mJ (black line) and
17 mJ (red line) from three stage post amplifiers tried in &ared OPCPA pump development
and a simulated autocorrelation trace (green line) are shBwhancement of the multiple peaks
found in the 17-mJ trace (Fifl. .6 (A), red line) can be expdiby the self-compression of each
peak caused by SPM and gain narrowipg JZ09] 211]. In [Figl B)6the multi-etalon approach
results in a measured smooth autocorrelation trace (blaek lwhich corresponds well to the
calculated autocorrelation trace (red line), and also theah simulated temporal pulse profile
(green line). Transmittances of a 0.7-mm-thick etalondbldashed line) and a 1.0-mm-thick
etalon (red dashed line) and the amplified spectra with tharin-thick etalon (black solid line)
and the 1.0-mm-thick etalon (red solid line) are shown in (A). The transmittances of the
0.7-mm and the 1.0-mm-thick etalons show a unique osailfagtyucture with different periods.
The effect of the multi-etalon approach is demonstratedign [B.7 (B): the single-pass trans-
mittance (black dashed line) and the amplified spectrunckidalid line) with the 0.7-mm and
1.0-mm-thick etalons. As a result, each amplified spectramits own periodically modulated
structure with the same period as in their transmittanceecuBy using two etalons of differ-
ent thicknesses, the oscillation of the transmittance ef@mlon cancels the other and, totally,
the transmittance of the two etalons has the only single pe#ie center, resulting in a clean
amplified spectrum without any side peak above the level of 1@ the peak intensity.

D.3 Summary

The simple formula for the transmittance of an etalon has loeeived, compared, and verified
with experiments. The simulation results of the amplifiedspuspectrum including the gain
narrowing effect and etalon spectral filtering have helpedexperimental implementation. Ex-
perimental problems due to multiple pulses caused by théneam effects have been solved
by adopting the two-etalon approach. The application of tachnique, however, is limited by
physical dimensions (thickness of the etalon), the amotigam narrowing caused by a laser
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15 Measured AC trace of 1 mJ output with 1 mm etalon —— Measured AC with 1 mm and 0.7 mm etalons
' Measured AC trace of 17 mJ output with 1 mm etalon —— Calculated AC
(A) Simulated AC trace with 1 mm etalon (B) Calculated pulse shape
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Figure D.6: (A): Measured autocorrelation traces of 1-mtpoupulses (black line) and 17-mJ
output pulses (red line) and an autocorrelation trace ofaultzded pulse (green line) by use of
the 1-mm-thick fused silica. (B): Measured (black line) amdwdated (red line) autocorrelation
traces when the 0.7-mm- and 1.0-mm-thick fused silicas sed and a simulated temporal pulse
profile (green line).
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Figure D.7: (A): Calculated transmittance (black dashed)liand amplified spectrum (black
solid line) with the 0.7-mm-thick etalon and calculatechsmittance (red dashed line) and am-
plified spectrum (red solid line) with the 1.0-mm-thick etal (B): Calculated transmittance
(dashed line) and amplified spectrum (solid line) with th&m and 1.0-mme-thick etalons.
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medium, and the possible number of intracavity etalonsclhitroduce small amounts of loss.
Although the peak value of transmittance of the etalon i940e energy in the other parts of
the spectrum is reduced by the reflection from the etalon lwimtroduces loss. The tilt of the
etalon is used to adjust the effective thickness of the alystd to avoid the back reflection into
the amplifier. So far, the use of a 2-mm and a 4-mm-thick etalsidle a Nd:YAG regenerative
amplifier allowed us to obtain 2-mJ, 100-ps pulses using {itecal seeding by the photonic
crystal fiber. Subsequent amplification in a Nd:YAG post afigplchain produced 1.5 J pulses
with a smooth temporal profile. The pulse duration from 1006 gs seems to be an applicable
range in the case of Nd doped-crystals. If a long pulse with the duration of morentB&0 ps

is needed, many etalons have to be placed in the cavity amdreget seed energy is required.



Appendix E

Nonlinear refractive indices of optical
materials

Nonlinear refractive indices of materials frequently usethser science are listed in Tab. |E.1.

Material Nonlinear refractive index [cAIW] Reference and note
(multiply by 10~% by a unit [nf/W])

Fused silica 3.6x 10 at 351 nm [B29]

Fused silica 3.0x 10 at 527 nm [B29]

Fused silica 2.74x 107 1% at 1053 nm [B29]

SF57 41x 101 [B30]

Silicon 45x 1014 [269]

GaAs 1.59x 10713 [269]

YAG (Nd** doped) 6.2x 1016 [B31]

YAG (Nd3* doped) 8.1x10°16 [B32]

YLF (Nd** doped) 1.73x 10716 0.6 x 1013 [esu] [33B]

YLF (Nd3* doped) 1.43x 10716 [B34]

BBO 5.0x 10716 [B33], [336]

BBO 7.4x 10 1% at 1064 nm [B37]

BBO 8.0x 10 1%at532 nm [B37]

KTP 24x 1071 [B35]

KDP 2.3x1071% (0) @ 1053 nm LLE review Vol. 74 p 125

KDP 25x 107 (e) @ 1053 nm LLE review Vol. 74 p 125

Table E.1: Nonlinear refractive indices of frequently useaterial
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Appendix F

Thermal expansion coefficients of materials

Thermal expansion coefficients of several materials fretiy@ised in laser science are listed in

Table[F1L.
A scientific grade optical table (RS4000TM series) from NewtPis made of 400 series

ferromagnetic stainless steel, which expands by 10~° with 1 K increase in temperature.

Material Thermal expansion coefficient
Carbon steel 10x 107%/K

400 series ferromagnetic stainless steel 10x 109K

Super invar at 20C —0.2x 10°%/K (0 at 50°C)
300 series non-ferromagnetic stainless steel 16.6 x 10°°/K

6061 aluminum 23x 10 %K

Table F.1: Thermal expansion coefficients of some commoemadd
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The concept of optical parametric chirped-pulse amplification is applied to attain pulses with energies up to

8 mdJ and a bandwidth of more than 100 THz.

Stretched broadband seed pulses from a Ti:sapphire oscillator

are amplified in a multistage noncollinear type I phase-matched B-barium borate parametric amplifier by use

of an independent picosecond laser with lock-to-clock repetition rate synchronization.

Partial compression of

amplified pulses is demonstrated down to a 10-fs duration with a down-chirped pulse stretcher and a nearly

lossless compressor comprising bulk material and positive-dispersion chirped mirrors.

of America

OCIS codes: 140.7090, 190.4970, 320.5520.

Typical processes in laser-driven strong-field physics®
are confined to one or a few optical oscillations and
therefore require appropriately short laser pulses of
the highest possible peak power. The proven way to
obtain intense few-cycle laser fields relies on external
bandwidth broadening of amplified pulses in gas-filled
capillaries>®*—a method that involves heavy energy
losses and is not easily scalable in the multimillijoule
regime. In contrast with laser media, the gain band-
width of some noncollinearly phase-matched nonlinear
optical crystals, especially 8-barium borate (BBO),* is
directly suitable for amplification of two-cycle visible
pulses without subsequent spectral broadening.’~”
Since the nonlinear optical crystal does not provide
inversion storage, efficient broadband amplification
with a narrowband pump pulse becomes possible
only if the seed pulse is stretched to match the pump
duration. Such optical parametric chirped-pulse
amplification (OPCPA) was originally proposed and
demonstrated by Dubietis et al.® and has since found
broad recognition as a promising scheme for designing
ultrahigh-peak-power laser systems.’”!' To date,
high-energy subpicosecond parametric systems'?~'s
and few-cycle 100-ud-level OPCPA!%!" have been
reported. In this Letter we demonstrate a terawatt-
class 10-fs scheme that, in our opinion, presents a
feasible alternative to a similar-level amplifier based
on a Ti:sapphire laser.

The schematic of our OPCPA setup is presented in
Fig. 1(a). Similarly to Refs. 16 and 17, the employed
seed source is a nanojoule broadband Ti:sapphire seed
oscillator. The repetition rates of the femtosecond
seed laser and an actively mode-locked 60-ps Nd:YVO,
oscillator are synchronized with an external rf clock.
The pulses from the picosecond oscillator are amplified
to 100 mJ at a 20-Hz repetition rate in a Nd:YAG
amplifier (EKSPA Ltd.) and frequency doubled to
produce a 50-mdJ, 532-nm pump for OPCPA.

Our parametric amplifier consists of two 4-mm-thick
antireflection-coated type I BBO crystals. The inter-

0146-9592/05/050567-03$15.00/0
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nal noncollinearity angle between the pump and the
seed beams is set at approximately 2.3° to provide the
broadest gain bandwidth. Although we can achieve a
factor of 108 gain in a single-stage parametric ampli-
fier, the multistage, multipass arrangement shown in

Ti:sa 76 MHz,

76 MHz 20-Hz Verdi V
1064 nm, 60 ps |l Amplifier+SHG cwSW L] FWHM =250 nm
seed oscillator 50 mJ @ 532 nm @532 nm 2nl.51s

+ Positive dispersion
stretcher

Positive dispersion
compressor

(a)

(d) o

——=THlpm =-= YSnm
= = RSl == 100 nm|

_ Normalized intensity [arb, units]

Horieontal seabe [um|

Fig. 1. Two-stage, four-pass chirped-pulse parametric
amplifier: (a) layout of the optical setup, (b) relay-imaged
pump beam profile at the second-stage crystal, (c) beam
profile of the signal beam amplified to 5 md, (d) horizontal
cross section of the signal beam at several wavelengths.
HTG, holographic transmission diffraction grating; PL,
parabolic lens; AP, micromachined aspheric plate; TDM,
thermally activated mirror; PC, Pockels cell; A/2, 532-nm
half-wave plate; TFP, thin-film polarizer; SF57, block
of Schott SF57 glass; FS, block of synthetic fused silica;
CM, positive-dispersion chirped mirror; SHG, second-
harmonic generation; Ti:sa, Ti:sapphire laser. SPIDER,
spectral phase interferometry for direct electric field
reconstruction.
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Fig. 1(a) is used for its pulse contrast and bandwidth.
In this scheme, by using a weaker pump, we reduce
the gain in a single stage below 10*. On the one hand,
this measure suppresses the competition between the
external seed and the internal parametric superfluo-
rescence generated in the presence of a strong pump,
and, on the other hand, it prevents amplification of
the seed replica that is caused by a small double retro-
reflection from the crystal surfaces.

The BBO length was chosen as a compromise
between the gain bandwidth and the amplification
factor. In the first noncollinear optical parametric
amplifier [NOPA 1; Fig. 1(a)] the collimated pump and
signal beams are retroreflected onto the nonlinear
optical crystal by flat mirrors located ~25 ¢m behind
the crystal that filters, to some degree, the parametric
superfluorescence acquired in the first pass. In
contrast with NOPA 1, the reflectors in NOPA 2 are
located only 7 cm behind the crystal and are slightly
tilted horizontally to change both the phase matching
and the noncollinearity angles for the second pass.
This angular detuning in NOPA 2, in combination
with an independent alignment of NOPA 1, allows
us to reshape the gain bandwidth'®® and reduce
the cumulative bandwidth narrowing through the
amplifier. Another important aspect of an optical
parametric amplifier is the potential angular chirp
of a broadband signal wave whereby a thick non-
collinearly phase-matched crystal plays the role of
a dispersive monochromator.2’ To characterize this
distortion, we monitored the beam profile of the signal
amplified to 5 mdJ [Fig. 1(c)] and frequency resolved
the beam profile behind NOPA 2. As can be seen
from the frequency-dependent cross sections in the
pump-signal intersection plane, the high-gain ampli-
fication causes significant modulation of the output
beam but does not lead to a clearly observable mode
displacement characteristic of angular chirp. This
result ascertains the usability of the chosen crystal
length for a broadband noncollinear amplification un-
der the condition of seed collimation, which overrides
the selection of output direction imposed by phase
matching.

The pump-to-signal energy conversion efficiency of
NOPA 1 and NOPA 2, both optimized for the broadest
bandwidth, is summarized in Fig. 2. Theoretically,
the most efficient performance of OPCPA requires
the pump pulse to have roughly top-hat spatial
and temporal profiles. Nonetheless, even without
adequate temporal (a nearly Gaussian pump pulse
intensity profile) and spatial [Fig. 1(b)] shaping, the
peak pump-to-signal conversion efficiency in NOPA 2
reaches 27% [Fig. 2(b)]. As can be seen in Figs. 2(a)
and 2(b), the pump spot sizes were chosen to permit
gain saturation and to improve signal pulse stability.
However, deep saturation, observed for the pump
energy around 30 mdJ, was found to be detrimental
because it dramatically enhances the uncompressible
background of the signal pulse consisting of amplified
superfluorescence. The safe operating conditions in
terms of superfluorescence suppression and pulse
stability correspond to approximately 5 mdJ in the
signal pulse, at which the rms intensity fluctuation of
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the signal pulse is approximately 2.9%, whereas the
pump rms fluctuation is nearly 1.5%.

To match the pump pulse duration, the seed pulse
was chirped with two alternative stretchers: positive-
dispersion bulk material and a negative-dispersion
4f dispersion line, both presented in Fig. 1(a). Am-
plification results obtained with bulk chirping are
summarized in Fig. 3. The advantages of this stretch-
ing technique are its simplicity, excellent transmitted
beam quality, and high throughput for the entire
bandwidth of the seed. The solid curve in Fig. 3
shows the spectrum of the signal wave amplified to
8 mdJ, which compares well with the overlap between
the seed spectrum (dotted curve) and the theoretically
calculated gain bandwidth (dashed curve).

Lacking an appropriate high-throughput pulse com-
pressor for the bulk stretcher, we designed a matched
pair consisting of a down-chirping stretcher and an
up-chirping compressor.?! In our stretcher [Fig. 1(a)]
the beam is dispersed by a holographic 900-line/mm
transmission grating (Wasatch Photonics) and
passed through an f = 80 mm parabolic quartz
lens. In the Fourier plane of this lens we introduced
a micromachined quartz plate for higher-order
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Fig. 2. Energy conversion efficiency into the signal wave.
(a) First amplifier stage in a double pass. The pump and
the seed beam diameters are ~0.5 and ~0.4 mm FWHM,
respectively. (b) Second amplifier stage in a double pass.
The pump and the seed beam diameters are ~2.5 and
~3.2 mm FWHM, respectively. Dashed curves are guides
to the eye.
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Fig. 3. Parametric amplification of a positively chirped
seed pulse. The dotted curve and the shaded contour show
the spectra of the seed pulse (2 nd) and the amplified pulse
(8 mJ) spectra, respectively. The dashed curve depicts the
calculated gain of a 4-mm type I BBO. The inset shows a
pulse profile calculated assuming an ideal compression of
the amplified pulse. TL, transform-limited.
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Fig. 4. Results of amplification and recompression of a
negatively chirped seed pulse. (a) Seed spectrum behind
the grating stretcher (dotted curve), amplified pulse spec-
trum (shaded contour), and residual group delay (dashed
curve). (b) Recompressed 5-mdJ pulse (dashed—dotted
curve) and temporal phase (dashed curve). The dark
contour shows the intensity profile assuming ideal pulse
compression.

dispersion correction and a thermally activated de-
formable mirror (OKO Technologies) for wave-front
correction. In total, the beam propagates through the
grating four times, which significantly reshapes the
transmitted seed spectrum [Fig. 4(a), dotted curve].
To provide the target pulse duration of 50 ps at the
NOPAs, the stretcher precompensates the positive
dispersion of the programmable acousto-optic filter
(DAZZLER, Fastlite) containing a 45-mm-long TeO9
crystal. After amplification, the beam is expanded
to a FWHM diameter of ~3 ¢cm and is sent through
a compressor consisting of 15 cm of SF57 glass
(Schott), followed by 10 cm of Suprasil synthetic
quartz (Heraeus) and a set of three custom-made
positive-dispersion dielectric chirped mirrors. This
stepwise compression is used to reduce pulse self-
action inside the bulk material, and the B-integral
value for a fully compressed 5-md pulse is estimated to
be below 1.3. The measured losses in the compressor
are below 4%. The amplified bandwidth in the case
of the grating-based stretcher [Fig. 4(a), solid curve]
is somewhat narrower in comparison with the bulk
stretcher and potentially supports ~7-fs pulses. By
use of the feedback from a SPIDER measurement of
spectral phase, the dispersion of the DAZZLER is
tuned to recompress the amplified pulses to ~10 fs
[Fig. 4(b)]. We expect to achieve a better pulse
compression after upgrading the DAZZLER synchro-
nization and the single-shot SPIDER setup.

In summary, we have designed multistage OPCPA
for broadband multimillijoule pulse amplification
around 800 nm and employed a unique pulse stretch-
ing and compression scheme. Because of the absence
of thermal load on the nonlinear optical crystal, the
demonstrated concept is scalable both in energy and
repetition rate.
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